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PREFACE 


The purpose of ehis treatise is to present an integrated synthesis 
of the parts of plant pathology It is designed for the creative worker, 
not for the beginning student Many books discuss the specific diseases 
of plants and the control measures for them This work does not Rather 
It treats of tlie concept of disease, not of diseases It is concerned witli 
the normal pathways that are obstructed in sick plants, how the pathogen 
brings about dysfunction, and how the host plant reacts to the pathogen 
This work deals also with the logistics and the strategy of disease and 
Its combat 

A single chapter may deal with lettuce and elm trees, with viruses 
and nematodes, with insecticides and fungicides The underlymg prin 
ciples of plant pathology involve them all 

The present treatise could not have been written 25 years ago The 
many scientific discoveries in plant pathology, in biology, in physics 
and chemistry generally, have contributed to the present status of our 
knowledge The editors and the authors, working together, have at- 
tempted to draw these together, in the words of Bnerley (Ann appl 
Biol 33 338-337, 1946), to form “a consistent body of theory which 
correlates the facts into a logical and explanatory system ” 

The editors hope that the treatise will appeal to all who are inter 
ested in a theoretical treatment of plant pathology, to those interested 
in the broad ecological relationships among organisms, and to research 
workers and advanced students of applied biology 

Volume I deals with the diseased plant, with the scope importance 
and history of plant pathology, with pathological processes and defense 
devices, with predisposition and with therapy of the diseased plant 
Volume II focuses the attention of the reader on the pathogen itself 
and on techniques inhibiting it It deals also with parasitism and repro 
duction and with pathogenicity and its inhibition 

Volume III deals with the diseased population of plants, with epi 
demies and their control This, the public health aspect of plant pathol- 
ogy, has hitherto received short shrift Volume III gives major consider! 
tion to production and to dispersal of inoculum, to epidemics and their 
forecasting, to control of inoculum at the source, in transit, and in the 
infection court A final section deals with the genetics of resistance to 
disease and problems of the plant breeder 

This IS an international treatise Its preparation would not h!\c been 
possible without the willing and able participation of minv people from 
all over the globe The framework on which the chapters hang was con 
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structed with the aid and advice of a distinguished group of plant 
pathologists who comprise our advisory board. Thus, we are grateful 
to F. C. Bawden of Britain, R. Ciferri of Italy, Ernst Gaumann of Swit- 
zerland, George McNew of the United States, T. S. Sadasivan of India, 
G. G. Taylor of New Zealand, I. Uritani of Japan, and C. E. Yarwood 
of die United States. The chapters have been written by an equally 
distinguished group of plant pathologists, who also bring international 
representation to the work. 

The authors devoted their time assiduously to the preparation of 
manuscripts, despite the pressure of their regular jobs. Manuscripts gen- 
erally were completed before the necessary deadlines. The subject index 
was prepared by Mrs. Raimon L. Beard. Without the help of our able 
secretary. Miss Lois Pierson, this project would have been difficult. She 
handled the heavy correspondence, retyped many corrected manuscripts, 
checked proofs and was helpful in many other ways. 

To further embellish our gratitude to all would be to degrade one 
of the most elegant and simple sentences in the English language, 
“We thank you!” 

J. G. Horsfall 
A. E. Dimond 

May, 1959 

New Haven, Connecticut 
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I Introduction 

Given three volumes m which to set out the principles of plant 
patholog>, vve found that the subject dissected casilv into the requirctl 
three segments The Diseased Plant, Tlic Pathogen, Tlic Diseased 
Population 

Tins distinction has not been emphasized hitherto In fact, Slakman 
and Harrar (1957) in tlieir cscclicnl text sav tliat "Diseases of individual 
plants are rel ilivclv unimportant, and pi mt patholoo is therefore cssen- 
tiallv' a communilv aspect or plant public health science ^ 

Tlic point made bv Stakman and Ilamr is true for the art of plant 
pithologv hut it IS not as tnie for tiu scitnce of plant pitliolop *nicrc 
vve need to understand tlic nature of disease m tlic individual as much 
I 
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as we need to understand the nature of disease in a population of 

individuals. , ^ ■•.ii 

It seems strange that despite Stakman and Harrars dictum, little 
effort has been made to treat disease in the individual separately from 
disease in the population. 

II. Background for Volume I 

To open the treatise with the diseased plant rather than with the 
pathogen is somewhat “out of step” with the times. The temptation is 
very strong to follow the etiological approach. We were raised in that 
school and this is surely the classical approach. Most textbooks have been 
organized around the microbial agents of disease. Tliey carry such titles 
as Bacterial Diseases of Plants, Virus Diseases of Plants. Even if the title 
is as simple as Plant Pathology, the inner organization is tied to the 
microbes and the chapters read. Diseases Caused by Ascomycetes, Dis- 
eases Caused by Basidiomycetes, etc. 

We start with the diseased plant rather than with the pathogen 
because we are offering a treatise on plant pathology — not a treatise on 
plant pathogens. The diseased plant is the central theme. In fact, the 
diseased plant was the one theme prior to promulgation of the microbial 
theory of disease in plants by De Bary (1866) and Berkeley (1857) about 
100 years ago ZalUnger (1773) entitled his book “De Morbus Plantarum” 
and Unger (1833) entitled his “Exantheme der Pflanzen" 

We begin as the science began, with The Diseased Plant. 

Almost 20 years ago Morslalt (1929), a German, developed some 
resounding arguments in favor of developing the concept of the diseased 
plant rather than that of the so-called causal agents. Morstatt contended 
that the rise of the pathogen school has seriously distracted attention 
from the diseased plant and its malfunctions. It has pushed the diseased 
plant from the center of the stage and substituted the pathogen which 
is only of ancillary importance. Thus, it has arrested the development 
of plant pathology as a science 

Morstatt further contends that the dominance of the pathogenicists 
has fractured phytopathology into applied mycology and applied ento- 
mology, and the applied aspects of virology and nematology. This has 
further depressed development of the whole science. 

We agree with Morstatt. One hundred years since De Bary and 
Berkeley seems long enough. 

Whetzel (1928) says: "There must be no evasion of the fact that the 
^eased plant is the central figure in the phytopathological drama 
The disease concept must condition and rationalize all other concepts 
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of our science. . . . The causal organism, where such is involved, must 
be relegated to its distinctly secondary role/’ 

Pathogens, of course, are important, vve all agree, and they ^vill be 
assigned a whole volume. But, even so, they will be reduced to the 
ancillary position that they truly occupy in the whole science. 

III. What Is Plant Pathology? 

Every field of science has its own list of stock words, its own jargon, 
and plant pathology is no exception. Humpty Dumpty's dictum in Alice 
in Wonderland is a classic for all users of the jargon. “When I use a 
word,” Humpty Dumpty said in rather a scornful tone, “it means just 
what I wish it to mean — neither more nor less.” 

What then does the term plant pathology mean? Presumably, what 
plant pathologists want it to mean. The term patliology like numerous 
others in science stems from the Greek. It is no idle jest that “the Greeks 
had a word for it.” Generally they did. The Greeks were astute observers 
of nature and they coined words to name most of the broad concepts 
about things. 

word derives from two Greek words: pathos — suffering— and 
logos — to speak. Plant pathology, then, is a discourse on the suffering 
plant. It covers the field of the suffering plant. A distinguished botanist 
has expressed surprise to us that plants really suffer. Presumably, to him 
suffering must imply pain and anguish, and plants do not suffer pain 
or anguish. Still, we think that the word suffering is not stretched too 
much when we use it for plants. Pathos occurs in other parts of our 
language. Sympathy, for example, means suffering together. 

The field of endeavor that we call plant pathology encompasses both 
the art of treating the sick plant and the science of understanding the 
nature of the diseased plant. This has created some confusion as Horsfall 
(1959) has suggested. 

Reduced to their hare bones, art is doing; science is understanding. 

Very often plant patIiolog>’ is called an applied science. Tliis is a 
confusing misnomer. The ver>' verb "to apply” means to put to a par- 
ticular use. Thus, applying Jmowlcdgc is an art. Tlic knowledge may 
have come from the efforts of scientists, but its application is an art. 

An applied science then is a misnamed art. 

One finds this same misuse of the xs*ord science, for example, in the 
remark, "He lias reduced bridge playing to a science.” Tliis sentence 
means that lie has reduced bridge playing to an art. Tlic mathematical 
studs' of bridge playing aimed to deduce the o<lds on a finesse, for 
exarnpic, is a science. Tlic use of the finesse to trap a kinc. is an art 
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Using a finesse at just the proper tunc is a fine art To use science to 
mean art is to create confusion 

The history of the science and the art of plant pathology is inter- 
esting and significant for an understanding of the interrelations between 
the two 

If one had to pick a date for the beginning of the science of plant 
pathology, he might choose the middle of the last century when De Bary 
(1866) and Berkeley (1857) made the breakthrough that clanfied the 
role of the pathogen in disease Prior to that, the cart was put before 
the horse The pathogen was considered an excrescence from diseased 
tissue 

Once the proper sequence of causality was established, the science of 
plant pathology exploded in its development 

When this happened^ governments discovered that the new Icnowl- 
edge of disease gained by the ‘impractical theorists” could be put to 
work To a politician knowledge is power, and the pathologists’ know- 
ledge provided power Governments all over the world set up so-called 
experiment stations and ensconced plant pathologists in them 

As soon as this was accomplished, the art of plant pathology was 
bom the art of diagnosis and treatment of the diseased plant Thus, 
the art followed after and sprang from the science 

The art like the science before it, has also shown an explosive rise 
in importance 

Human medicine is the analogue of plant pathology Here, in con- 
trast to plant pathology, the art came first Man has had medicine men 
to treat his ailments since primitive times Because the medicine man 
deals with the art, he is called a practitioner and his business a practice 
He is not called a pathologist He does not study the nature of disease 
lie treats it 

Tlie scientist is a latecomer in human medicine He aims to under- 
stand the phenomena of human disease He does not treat it In fact, he 
IS prohibited bv law from treating it He even has a different degree 
He has a Ph D Tlie practitioner has an M D 

In medicine, M D men do do research, Ph D’s ne\ er do practice 
This probably stems from the fact that the science grew out from the 
art and dragged some artists with it In plant diseases, the scientist often 
must ha\e a practice, circumstances often demand it The full time prac- 
titioner. however, seldom does research except as a spare-time job This 
probabb Stems from the fact that the art grew out from the science 
and dragged some scientists with it 

In mtchcmc. there are not enough scientists to do all of the science 
In plant patliologv, there are not enough practitioners to do all of the 
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practice. Inevitably there is a flow from the high to the low potential, 
irrespective of direction. 

Paradoxically, the science suffers in both cases, from an influx of 
inadequately trained people on one hand, and from loss of personnel 
on the other. 

We may summarize by saying that the “discourse on the suffering 
plant” inevitably involves two phases; the science of learning and 
understanding disease, and the art of applying the knowledge to real 
life problems. This dual nature of the profession has created a certain 
amount of confusion especially because of the tendency to use tlie word 
science to cover nearly everything. 

IV. What Is Disease? 

A suffering plant is diseased; what then is disease? This concept is 
even more difficult to reduce to a few words. On tlie other hand, a 
scientist or layman has a fair facility for understanding disease because 
he himself is diseased sometimes. 

A. Disease Is Not a Condition 

A disease is very often considered a condition, but disease is not a 
condition. A plant or an animal may be in a diseased condition. The 
condition, however, results from the disease and is not synonymous 
with it. 

Condition is a symptom complex. The Germans call tliis a “Krank- 
heitsbild” — a disease picture. Our medical colleagues call this a s>7)- 
drome. A plant may be dwarfed and the leaves mottled and yellowed. 
We often refer to this as a mosaic disease. In doing so, we have named 
the disease by naming tlie cluef and, perhaps, most obWous symptom. 
The disease is deeper than the symptom. 

B. Disease is Not the Pathogen 

Very often we confuse disease and pathogen. Tin's derives from our 
microbiological lieritage. Prior to Berkeley or dc Bar>’, we would never 
have made this mistake. This is a latc-coming bit of confusion. 

Since the beginning of agriculture, our cereals and many other crops 
have been smitten with a black blasting of the grains. Tin's s)TOptom 
has a name in ever}* language— smut, brand, charbon— -all meaning black. 

In English we say wheat smut, barlc>‘ smut, r>'e smut. Tlicrc arc loose 
smuts and covered smuts, flag smuts, and stripe smuts. 

Vlien mycologists arrived on Uie scene of plant p.atbofoi:>'. tbc>- 
discovered that the smut diseases arc caused by funci timt are rclateti 
TIic\' looked around for a name for tills interesting group of fungi and 
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Using a finesse at just the proper lime is a fine art To use science to 
mean art is to create confusion 

The history of the science and the art of plant pathology is inter- 
esting and significant for an understanding of the interrelations between 
the two 

If one had to pick a date for the beginning of the science of plant 
pathology, he might choose the middle of the last century when De Gary 
(1806) and Berkeley (1857) made the breakthrough that clarified the 
role of the pathogen m disease Prior to that, the cart was put before 
the horse The pathogen was considered an escrescence from drscased 
tissue 

Once the proper sequence of cjiusality was established, the science of 
plant pathology exploded in its development 

When this happened, governments discovered that the new knowl- 
edge of disease gained by the “impractical theorists” could be put to 
work To a politician knowledge is power, and the pathologists’ know- 
ledge provided power Governments all over the world set up so-called 
experiment stations and ensconced plant pathologists m them 

As soon as this was accomplished, the art of plant pathology was 
bom the art of diagnosis and treatment of the diseased plant Thus, 
the art followed after and sprang from the science 

The art, like the science before it, has also shown an explosive rise 
in importance 

Human medicine is the analogue of plant pathology Here, m con- 
trast to plant pathology, the art came first Man has had medicine men 
to treat his ailments since primitive times Because the medicine man 
deals with the art, he is called a practitioner and his business a practice 
He is not called a pathologist He does not study the nature of disease 
He treats it 

The scientist is a latecomer in human medicine He aims to under- 
stand the phenomena of human disease He does not treat it In fact, he 
is prohibited by law from treating it He even has a different degree 
He has a Ph D The practitioner has an M D 

In medicine, M D men do do research, Ph D's never do practice 
This probably stems from the fact that the science grew out from the 
art and dragged some artists with it In plant diseases, the scientist often 
must base a practice, circumstances often demand it The full time prac 
tilioner, however, seldom does research except as a spare time job This 
probnbl) stems from the fact that the art grew out from the science 
and dragged some scientists with it 

In medicine, there arc not enough scientists to do all of the science 
In phnt pithologv, there are not enough practitioners to do all of the 
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practice. Inevitably there is a flow from the high to the low potential, 
irrespective of direction. 

Paradoxically, the science suffers in both cases, from an influx of 
inadequately trained people on one hand, and from loss of personnel 
on the other. 

We may summarize by saying that the “discourse on the suffering 
plant” inevitably involves two phases: the science of learning and 
understanding disease, and the art of applying the knowledge to real 
life problems. This dual nature of the profession has created a certain 
amount of confusion especially because of the tendency to use the word 
science to cover nearly everything. 

IV. What Is Disease? 

A suffering plant is diseased; what then is disease? Tliis concept is 
even more difficult to reduce to a few words. On the other hand, a 
scientist or layman has a fair facility for understanding disease because 
he himself is diseased sometimes. 

A. Disease Is Not a Condition 

A disease is very often considered a condition, but disease is not a 
condition. A plant or an animal may be in a diseased condition. The 
condition, however, results from the disease and is not synonymous 
with it. 

Condition is a symptom complex. The Germans call this a “Krank- 
heitsbild” a disease picture. Our medical colleagues call this a syn- 

drome. A plant may be dwarfed and the leaves mottled and yellowed. 
We often refer to this as a mosaic disease. In doing so, we have named 
the disease by naming the chief and, perhaps, most obvious sjTnptom. 
The disease is deeper than the symptom. 

B. Disease is Not the Pathogen 

Very often ^ve confuse disease and pathogen. Tliis derives from our 
microbiological heritage. Prior to Berkeley or de Bary, u’e would never 
have made tliis mistake. This is a late-coming bit of confusion. 

Since the beginning of agriculture, our cereals and many otlicr crops 
have been smitten willi a black blasting of the grains. Tins syioptom 
has a name in cver>' language— smut, brand, charbon — all meaning black. 

In English we say wheat smut, barley smut, jye smut. Tlicrc are loose 
smuts and covered smuts, flag smuts, and stripe smuts. 

^\^icn mycologists arrived on llie scene of plant patholog)’, they 
discovered that tlie smut diseases are caused by fungi that are related 
Tlicv looked around for a name for tliis interesting group of fungi and 
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named the fungus from the name of the disease. They called them the 
Ustilaginales and this word comes from the Latin, nsfilnre, meaning to 

bwm or to blacken. ,,, i j i .. j- 

This really confused and confounded the issue. We had the smut dis- 
ease then we had the smut fungus, and we slipped so easily, oh so easily, 
into the fallacy o£ equating disease with the pathogen. We say “loose 
smut of wheat is Ustilago tritici” We went through a similar course of 
events for do\vny mildews, powdery mildews, and many others. 

Of course, the experts contend that they do not confuse the two. 

Whetzel (1929) strongly protests against the inHuence wielded by 
mycologists. He saysi “Many of the courses [and books. Eds.] today, 
masquerading under the name of plant pathology, are but mycology 
or a bastard progeny, resulting from an illegitimate cross between my- 
cology and the art of plant disease control ... no more striking evidence 
of its baneful influence can be asked than the prevalent practice of 
treating the pathogen and the disease as synonymous concepts.” Whet- 
zel continues. “I refrain from embarrassing you with quotations from 
your own publications. Few of us are innocent of this grossest of errors ” 


C. Is Disease Catching? 

Another widespread confusion derives from the phrase that a disease 
is “catching” Undoubtedly, this usage antedates the germ theory of 
disease. The black plague was catching in the Middle Ages, but St. 
Anthony's fire (ergotism) was not. 

In a general sense, one throws a ball and another catches it. In the 
gre.it American game of baseball, the one who catches the ball is a 
c-atchcr. In this sense only the pathogen can be caught, not the disease. 
Tins is a. usage that will not be slopped by any feeble words in this 
treatise. ^Disease will continue to be catching and tlie concept will con- 
tinue to confuse the issue of what disease is. 

Perhaps the most difiicuU pair of concepts of all to separate is injury^ 
and disease. Again evciy person probably senses the difference and, 
hence, it may not Ijc ncccssar>' to go any farther. Still, an attempt to 
separate tliem may aid in throwing light on just what disease is. 


D. Disease fs Not the Same as Infurr/ 
ri.mt pathologists nill sometimes spend an entire coffee break dis- 
ctusing nhelhcr or not a lawn mower or a cow can produce disease on 
the Kt.vss M«%t will agree rigln away tkai a lawn mower produces inrur\’ 
MHl nol Tl.c sHTcly suffers wi.en the I.iwn mower remove’s 

a Urye p.irl oF Die pliolmviiihctic area, ll (^rows less well. Still we do 
not coiiil.liT this a dlwase. Tlic amateur wornluorVer Inous that he is 
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injured when he cuts off his finger in his power saw, but he knows he 
is not diseased. If he gets a boil on his finger, he says it is diseased 
and not injured. 

This suggests one significant point of difference between injury and 
disease. The power saw is in contact with the flesh for only a micro- 
second. The Staphylococcus pathogen remains in the boil until it is 
cured, or nearly so. In general, we consider we are diseased if the action 
of the causal agent is prolonged, and injured if it comes and goes 
suddenly. 


E. Disease Restilts from Continuous Irritation 

Thus, it seems fair to say that disease results from continuous irrita- 
tion and injury from transient irritation. 

F. Disease Is a Malfunctioning Process 

Now, one last point. The standard question we ask our sick friend is, 
“What is the matter ^vith you?” His reply is usually “My stomach is act- 
ing up,” or “My head aches,” or “My vision is blurred /' These all contain 
a verb full of action. Something is functioning poorly, and hence, we 
come to the decision that disease is a malfunctioning process that is 
caused by continuous irritation. Of course, this process must result in 
some suffering. And hence, disease is a pathological process. 

As near as we can determine. Ward (1901), later Morstatt (1929), 
and Whetzel (1929) ardently supported this view. This conception of 
disease was accepted by the Committee on Terminology of the American 
Phytopathological Society (See Reddick ef al., 1940) and by its counter- 
part committee of the British Mycological Society (Anonymous, 1950). 

V. Host ob Suscept? 

Whetzel (1929) coined the word “suscept” to denote the diseased 
plant. Suscept is an ugly word and it has not caught fire in the profes- 
sion. His reasoning is probably sound and his idea would probably have 
been adopted had he coined a more euphonious term. 

According to Link (1933), Ray (1688) was the first to apply tlie term 
parasite to mistletoe. Link says further tliat Duhamel in 1728 applied 
the term parasite to a fungus now called Rhizoctonia crocorum and 
proved experimentally that the fungus could live at the expense of the 
saffron bulb, 

Wlietzel argued that the discovery of living fungi in diseased tissue 
led promptly to tlie use of the couplet “parasite and host.” This, accord- 
ing to ^^^letzel is a workable couplet as long as the connotation is used 
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to apply to the food relation which is the essential feature of parasitism, 
but it is not so workable a concept when disease results. 

Whetzel agrees that pathogen is a good term for the disease inducer, 
but host is not satisfactory for the organism that suffers from the induced 
disease. He coined suscept meaning the organism that is susceptible 
to disease. 

To us this still leaves something to be desired. Suscept does not 
exactly mean the diseased plant, it means only a plant likely to be 
diseased. One cannot be a host until his guests arrive. There is no word, 
presumably because there is no need for one, to describe one who 
invites guests. After his guests arrive, he is called a host. 

Suscept does not really cover the case of the plant that is diseased 
after the arrival of the pathogen. Thus, we cannot accept the term 
suscept. 

VI. Impact of Plant Disease on Society 
In Volume 1 we treat disease and its effect on human history and 
human society. Since pathogens must eat too, they compete with us for 
our food supply and they sit down first at the table. The pathogens 
attack our food plants in the field long before die food comes to our 
tables. ^Vhcn conditions arc right, lliey may consume so much food that 
the human population hungers. Very often the human population must 
change its food habits, however well fixed they may appear. Ten Houten 
cites several examples in Chapter 2 of this volume. Another striking 
example follows. 

Eating habits of people are very difficult to change and yet plant 
diseases appears to be responsible for some deeply implanted eating 
habits. Carbohydrate is a very basic ingredient in the human diet. 
Vnriajion in carbohydrate supply around the world is, therefore, of 
interest. 

\Mjy should Southerners in the United States eat com bread (from 
inai/e), and Northerners wlicat bread? Tlic early settlers in both regions 
c.itne from England where wheat was the “staff of life.” \\% did South- 
erners h.ave to ch.ingc to maize? 

And why do northern Europeans eat wheat, middle Europeans eat 
rsL-, and Italians cat sslirat? Wiy docs the word bread mean wheat 
nrc.ul In hngland, rsc* bread in Germany, and wheat bread in ftalv? 
\\1iy do.-s llie vsord l.read mean wheat bread in New England and wm 
lne.nd in \ ircmi.a? 

..w'g^^nl'sSLs'r 

NMa-at smns to Ik. tl.e preferred source of carbohydrate over mnel. 
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of the world We can assume that where rice, rye. and maize are sub- 
stituted, wheat does not grow well enough to provide the needs 

Consider New England and Virginia Tliese were both colonized early 
in the 17th century h> British people Wheat was the staple source of 
carbolndrate in England in those days Undojib^dly both sets of col 
onists brought wheat seed to the New World with them IVlieat became 
established in New England and nouris hed tlie colonists through the 
lone and stubborn winter 

Wieat'doiJ relativeh poorly m Virginia even now and we can 
assume that it did poorly in the 17th century One primary reason for 
this IS wheat rust Wheat rust was rampant, in Virginia, in the spring 
Its destructiveness males wheat growing a fading business in Virgmia 
Wheat rust does occur somewhat m New England today, and presum 
ably did tlien too. but it is not catastrophically destructive 

^e reason appears to be climate Wheat rust revels m warm, wet 
weather in tlie spring Virginia has warm, wet weather m the sprmg 
and Its wheat goe" ru^ » a hurrv The weather in New England may 
he wet enough for rust, but it is too cold and so the wheat rusts 

relatively hrfe ^ (,] 

In the Unded States, wn s 

mates as warm as that ot virgin a 

Oklahoma Tlie climate there may be warm enough, but it is too dry 
“eXe gomg from New England to Texas, we have wet cool 
iheretore, 8° S snrmg, this means low rust incidence, 

weather in New Englmd m “e p g temperature 

high wheat yields, and whea " ,,heat yields, 

rises and rainfall remains ^ 

and com bread As g ^^],eat yields, and wheat bread agam 

weather This means low rust gh h y 
If we go to Europe, we see that the ^pat 

the weather in the *P™g ' f„ Central Europe, the spring 

high wheat yields, and ^,g[, „st, low wheat yields, and 

weather is damp and warm Mediterranean littoral, the spring 

rye bread If we 8° y^^Ms are up, 

weather IS warm and dry as - Te»s^«^^^^^ 

and spaghetti and meat-oa , 

sahva flow .nterestme explanauon 

All this suggests anothe . ,hony’s fire ravaged the people This 
During the Middle Age^ e^pemities. thTfiHgers, and the toes 

was a strange disease At ’ -,^„„ed mental aherratian and ran 

tingled and then ached j ' got the name St Anthony’s fire 

such a raging fever *»t and toes became 

Women aborted tlieir babies 
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gangrenous and eventually sloughed o£E. Arms had to be amputat^r- 
and feet— all without anesthetic, too. It was a^dreadful affl i ctmn . 

Eventually, Thulher— a French physician— showed that St. Anthony s 
fire"™s~causea from eating ergot, a fungus that affected the kernels of 
the rye that the people had to eat because they could not eat wheat 
which was too prone to black stem rust. 

St. Anthony’s fire began to decline in Central Europe during the 
18th century and occurred only sporadically during the 19th and 20th 
centuries. This was due to the arrival of die potato in Europe through 
the perspicacity of Sir Walter Raleigh. Eventually, the potato replaced 
much^of the^rye because it produced cheaper carbohydrate than the 
cereals Thus, eventually the r^^es of St. Anthony’s fire declined. 

Of course, this led on into the late blight disease of potatoes and 
the Irish famine but this story is already so threadbare from bard usage 
that it is hardly worth space in a modem treatise on plant pathology. 


VII. Classification of Disease 

One sometimes hesitates to discuss classifications. The classification of 
phenomena runs a clear risk of stultifying the subject. Pigeonholing of 
facts often seems to reduce them to dry statistics. Moreover, facts often 
are very stubborn about classification. The pigeonholer often finds that 
his facts are too big or have the wrong shapes to fit into the neat cubicles 
he has designed for them. When they do not fit, the classifier may stew 
so much about nonconformity that he forgets his objectives. 


A, The Theory of Cl<Jssification 

Still, the human mind being human cannot digest the whole of a 
subject any more than the human stomach can digest the whole of a 
cow. Ejtperience has amply shown that the subject and tlie cow must 
be reduced to chewable bites. These chewable bites are categories, and 
categories mean classification. 

Tlicrefore we must classify diseases. The bases for classification have 
swayed back and forth with the wind of opinion among plant pathol- 
ogists. Prior to the arrival of mycologists, and their domination of the 
scene, diseases uere classified by symptoms. 

Zallinger (1773), for example, made five divisions much like those 
in animal diseases: (1) Phicgmasiae or inflammatory diseases, (2) 
paralysis or debility, (3) discliargcs or draining, (4) cachexia, or bad 
constitution, and (5) chief defects of different organs. 

Plena (1791) according to Hallicr (1808) divided plant diseases 
into eigl.t divisions: (1) lacsioncs crtcnvac, (2) proiluvia, (3) dibilifates 
(•1) cachexiae. (o) pulrcftaaioncs. (6) excresccnliac, (7) nionstrosilates! 
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(8) sterilitates. Some of these classifications such as sterility and cachexia 
are based on disturbed physiological processes as indicated by Plenck’s 
title for his book. This is a much more nearly modem arrangement of 
diseases than those that come between Plenck and the modem era. It 
resembles rather clearly that of Baldacci and Ciferri (1949) as discussed 
below. Plenck, however, assigned Latin binomials to the individual dis- 
eases. A tree trunk canker, he called Carcinoma arhorum. Holmes (1939) 
has done the same with viruses, taking generic names from symptom 
types and specific names from hosts. 

B. The Microbial Classification 

Then came the golden age of mycology and its pervading influence 
on plant pathology. For a hundred years, more or less beginning in the 
early part of the 19th century, when mycology dominated the scene, 
diseases came to be equated with microbial pathogens and diseases were 
thus classified on the basis of causal organisms. 

Thaxter (1890), the famed mycologist, first plant pathologist at our 
laboratory, spoke disparagingly indeed of those who tried to classify 
diseases by such names as rusts, rots, blasts, and blights. Thaxter s plant 
pathology did not scintillate as brilliantly as his mycology. “Fungus 
disease,” he said, . . is the term properly applied to a majority of the 
ailments among plants, which are commonly and loosely designated by 
such names as blast and blight, . . . scab, scald, and smut, all of which 
convey to the mind a more or less confused and inaccurate idea of what 
they are intended to distinguish.” “Such diseases,” says Thaxter, “are 
accurately known only by the scientific names [of] ... the fungi which 
cause them For example, onion smut in Connecticut is known as 
Urocystis cepulae.” This is an amazing remark. Thaxter named the fungus 
and he was probably the only person in Connecticut who called onion 
smut Urocystis cepujac. Not even to this day do farmers call onion smut 
by any other name than onion smut And Thaxter called plant pathol- 
ogists “Squirt gun botanists 11 

Inevitably, the textbooks on plant pathology during the mycological 
era classified diseases just as Thaxter wished— diseases caused by bac- 
teria, by Phycomj'cetes, Ascomycetes, Basidiomycetes, One need only 
cite Sorauer (1886); Duggar (1909); Brooks (1928); Ericksson (1930); 
Chester (1942); and Walker (1950 and 1957). 

H. Marshall Ward (1901), the distinguished English plant pathol- 
ogist, avoided this fallacy. He says (p. 121); “All disease is physiological 
in so far as it consists in disturbance of normal physiological function, 
for pathology is abnormal physiolog>'. . . . That being understood I need 
not dwell on the common fallac^^ of confounding the fungus, ... or 
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Other agent with the disease itself, or of making the same blunder of 
confusing symptoms with maladies.*' Perhaps, Ward should have dwelt 
on it. It certainly needed it. 


C. Necessity for Classifying by Processes Affected 


It is interesting, nevertheless, that Ward does not classify diseases 
by the processes they disturb. He classifies diseases in his book by the 
symptoms they cause — excrescences, nearotic diseases, monstrosities, etc. 
This reminds one of Plenck's classification 100 years earlier. 

F. L. Stevens (1917) says: . . The diseases themselves, not the 
fungi need classification . . Stevens attempted a classification of dis- 
ease, but he did not define disease; and hence his classification is a little 
befuddled. His classifications are: “(1) wilt diseases due to mechanical 
stoppage of the vascular bundles by parasites . . . embolism, (2) dis- 
integration of xylem structures . . . wood rots . . . , (3) diseases due 
to parasites wholly contained within the living protoplasm of the host 
coll . . . endoccllular parasitism ... (4) diseases due to parasites which 
draw their nutriment from living cells by haustoria . . . (7) diseases in 
which the host tissue is displaced ... by fungus masses . . mycoscler- 
osts, (8) tumor, (9) necrosis.” 

One can sec that Stevens could not really burst out of his mycological 
cage. He could see through the wire meslies, but he could not quite cut 
free. He still stc%vs more about the parasite or the symptoms than about 
the pathological processes. 

Daldacci and Cifem (1949) have come close to our classification of 
diseases on the basis of the pathological processes involved. Their classi- 
fication of diseases follows. Epiphytic, trophic (meaning starvation), 
Iq'pnochercutic (meaning dcslmcUon of non-trophic tissues), auxonic 


(meaning growth), and degenerative (meaning tissue destruction). In 
our view, epiphytic diseases hardly fit here and Baldacci and Ciferri 
have neglected reproduction altogether. 

\Vc IhjUcvc that disease is a pathological process, that it is abnormal 
ph>siplog>\ To this concept we hold despite the fact that wc were 
rt\ir«l in the mscological era of plant pathology. We admit that our 
scientific gcncology stems from the Harvard school of Farlow who first 
taught plant pathology m America in 1875 and who introduced the 
uucological bias from Uts graduate days with de Bary. 

Tims \sc must slniggle as constantly as anyone against the Satanic 
tnnptation to ctinfusc the fungus uilh the dise.isc. 

similarly „ro in an nwiciillur.il criwrimfnt slalion confronlwl 
.III all Ililrs by llm pr.iKmallc prpr.iire. In cnntusf .lyTOptom.; with ili,oa.c 
Ilri-.nm. of Ibmo omniclinR pnisnirc, w c nUo, liU Ward and Stci cn. 
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may zig when we should have zagged, but we have tried to arrange 
Volume I of tins treatise to reflect the view that disease is a pathological 
process and we have cautioned the authors to avoid the diagnostician s 
eye-view> to eschew the temptation to arrange thmgs by symptoms 
We believe tliat no body of theory of plant patliology can be built up 
on symptomatology per se 

We believe that one can build up a body of theory on pathological 
processes In buildmg up a theory of disease one uses symptoms as 
markers or as aids to assist in inferring the nature of the process that 
generates them 

An investigator in plant pathology, like scientists everywhere, must 
depend on his five senses in appraising plant disease He can see symp 
toms From these he must decide on the abnormal process that brings 
them on 

He sees that the plant wilts His problem has only begun Which 
physiological process is unbalanced — is it uptake of water, transport of 
water through the plant, or loss of water by the leaves 

D Diseases Must Be Named 

We name this one wilt disease because that is the major symptom 
Having done so. we have to be careful not to confuse the thmg with 
Its name This is a disease of the water supplying process The plant 
thirsts 

The Connecticut farmer may call a disease onion smut, but he 
knows in his green thumb that onion smut starves the plant so much 
that he has nothmg to sell This is a disease of nutrition— the plant 
starves The disease is malnutribon— the symptom and the name is smut 

E The Six Processes Classified Here 

Considermg disease as a process, the chapters in Volume I on the 
diseased plant must be headed to indicate processes Thus, a chapter 
headmg has to be Tissue is Disintegrated, not necrosis Necrosis is a 
symptom of tissue dismtegrabon We believe tliat m writing a chapter 
on dismtegration an author is impelled to dig gold from such distant 
hills as wood and textile degradation He might not be impelled to 
do so, were he discussing necrosis 

In classifying diseases by the processes affected, we were confronted 
right awav with the usual headache of all classifiers Tins is tlie problem 
of genus and species Not all facts are of tlie same size The big facts 
are made up of httle facts and the big processes of plant life are com- 
prised of a host of little processes 

We decided on six big processes, tissue is disintegrated, growth is 
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other agent with the disease itself, or of making the same blunder of 
confusing symptoms with maladies" Perhaps, Ward should have dwelt 
on it It certainly needed it 

C l^ecessity for Classtfijing hy Processes Afected 
It IS interesting nevertheless, that Ward does not classify diseases 
hv the processes they disturb He classifies diseases in his book by the 
symptoms they cause — excrescences, necrotic diseases monstrosities, etc 
This reminds one of Plenck’s classification 100 years earlier 

F L Stevens (1917) says “ The diseases themselves, not the 
fungi need classification ” Stevens attempted a classification of dis 
ease, hut he did not define disease, and hence his classification is a little 
befuddled His classifications are “(1) wilt diseases due to mechanical 
stoppage of the vascular bundles by parasites embolism, (2) dis 
integration of xylem structures wood rots , (3) diseases due 
to parasites wholly contained withm the living protoplasm of the host 
cell cndocellular parasitism (4) diseases due to parasites which 
dran their nutriment from living cells by haustonn (7) diseases in 
which the host tissue is displaced by fungus masses mycoscler 
o«us (8) tumor, (9) necrosis” 

One can see that Stevens could not really burst out of his mycological 
cage lie could sec through the wire meshes but lie could not quite cut 
free He still stews more about the parasite or the symptoms than about 
the pathological processes 

Bnldicci and Cifcrn (1949) have come close to our classification of 
(hsciscs on the basis of the pathological processes involved Tlieir classi- 
fication of diseases follows Epiphytic, trophic (meaning starvation), 
liyTinochcrculic (meaning destruction of non trophic tissues), auxonic 
(meaning growth), and degenerative (meaning tissue destruction) In 
imr \icw, cpiphitic diseases liardh fit here and Baldacci and Cifcm 
hi\p neglected reproduction altogether 

W'e IxlicNe that disease is a pathological process, that it is, abnormal 
pliNsiologv To this concept we hold despite the fact lint wc were 
teittal In the mscological era of plant palhologi' Wc admit tint our 
scitaillfic gtiieologi stems from the Ilaiaard scliool of Farlow wlio first 
taught plint pjthologN in Amtrica m 1873 and who introduced the 
micologlcil bias from Ins graduitc days with de Bary. 

llmi wc must struggle comtanlb as anyone against the Sitanic 
ttawptition to confuse tin (nngns with the disease 

Stmihib we are in an agnciilturd (xi>criment station confronted 
all sides In the pragrn itfc pn ssnu s to confuse snnptoms w ith discast 
lletauw of th-sr eonUidlng pr<$mres wt also. IiU- Ward .nnl Stesuis 
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may zig when we should have zagged, but we have tried to arrange 
Volume I of tins treatise to reflect the view that disease is a pathological 
process and have cautioned die autliors to avoid the diagnosticians 
eye-view, to eschew tlie temptahon to arrange thmgs by symptoms 
We believe tliat no body of theory of plant pathology can be bmlt up 
on symptomatology per se 

We believe that one can build up a body of theory on pathological 
processes In building up a theory of disease one uses symptoms as 
markers or as aids to assist in inferring tlie nature of the process that 
generates them 

An in\esbgator in plant pathology, like scientists everywhere, must 
depend on his five senses m appraismg plant disease He can see symp 
toms From these he must decide on the abnormal process that brmgs 
them on 

He sees that tlie plant wilts His problem has only begun Which 
physiological process is unbalanced — is it uptake of water, transport of 
water through the plant, or loss of water by the leaves 

D Diseases Must Be learned 

We name this one wilt disease because that is the major symptom 
Having done so, \ve have to be careful not to confuse the thmg with 
Its name This is a disease of the water supplying process The plant 
thirsts 

The Connecticut farmer may call a disease onion smut, but he 
knows m his green thumb that onion smut starves the plant so much 
that he has nothing to sell This is a disease of nutrition — the plant 
starves The disease is malnutrition — the symptom and the name is smut 

E The Six Processes Classified Here 

Considermg disease as a process, the chapters m Volume I on tlie 
diseased plant must be headed to mdicate processes Thus, a chapter 
headmg has to be Tissue is Disintegrated, not necrosis Necrosis is a 
symptom of tissue dismtegration We believe tliat m \vriting a chapter 
on dismtegration an author is impelled to dig gold from such distant 
hills as wood and textile degradation He might not be impelled to 
do so, were he discussing necrosis 

In classifying diseases by the processes affected, \%e %vere confronted 
right awa> with the usual headache of all classifiers Tins is tlie problem 
of genus and species Not all facts are of the same size Tlie big facts 
are made up of little facts and the big processes of plant life are com 
prised of a host of little processes 

We decided on sux big processes, tissue is disintegrated, growth is 
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affected, reproduction is affected, host is starved, water is deficient, 
respiration is altered A different pair of editors might have decided on 
a slightly different number of major processes Some editors wou d 
doubtless elevate photosynthesis to diapter level They would probably 
say, it you raise respiration to diapter level, why not photosynthesis? 
Translocation of sugars and other metabolites is surely a very important 
process m the plant that is suhjed to disruption by disease Tethaps this 
should have been raised to chapter level too 

One of the cardinal principles of information theory, however, is that 
all categories should he as nearly the same size as possible We hoped 
that the six processes chosen would divide up the available information 
into approximately six equal amounts Admittedly this was a matter of 
opinion, because no statistical mfonnation was available at the tune 
We realized even at the beginning of the work on design of the 
treatise, that mformation available on venereal diseases of plants was 
in small supply Still we believed that the really fundamental im- 
portance of reproduction to life compels assigning chapter status to 
them, even though the chapter might work out a little thinner 

At any rate, the die is cast and the pathological processes are classi 
Bed into six groups 

VIll The Resistance Susceptidility Prodlem 


One of the classic divisions of plant pathology is usually termed 
resistance Tins treatise contains no chapter by that name Another 
classic diMsion is susceptibility and wc have assigned no chapter by 
that name 


Wc consider that health is the usual state of affairs If the plant 
sptcics does not remain rcasonabl> healthy the species becomes extinct 
Tlius, the mere existence of a species proves that disease is abnormal 
and. hence, that susccptilnlitv is abnormal 

On the otlier liand, the plant is almost continuously buffeted and 
battered b> pathogens In order to muntam itself and tlius its species 
In ixistincc, u must be able to fend off Us enemies 


Wc are com .need that the pl.mt fends off its enemies by dynamic 
prcnMscs as veil .ns l.s static devices Tl.c plant must evpcnd cnerw 
to doliiid itsill It must eejicnd some of its income on defense in the 
mine ssa\ tint .in md.iidinl or a mtion must expend income on defense 
Inxo axoidcd a cinptcr or clnptcrs on rcsist.inco because xve 
named In emi.hisirc tint ell fetise is a dx-namic stile of affairs Defense 
loohi-s not oiih a ciniri linV. defense around tlic propertx It must nlso 

li.vohe conn jin prtroll.ng In anned police ’ ust also 
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Hence, we have used the major heading defense devices, and we 
have put three chapters under it A chapter on histology discusses the 
physical t>'pe of barriers available as defense devices The biochemistry 
of defense is one of the highly intngumg aspects of modern plant 
pathology This has attracted many investigators but vastly fewer than 
its interest and significance warrant The pickings in the field have been 
meager and some pathologists are discouraged — unwarranfedly so we 
believe This field and the field of chemotherapy will fertilize and cross 
stimulate each other as die years go by 

Hypersensitivity is a chapter that generates some uncertainty It is a 
subject with a large literature and, hence, warrants treatment Probably 
much of its explanation will eventually come from studies of biochem 
istry of defense We include it chiefly because of its novelty and 
because it epitomizes a kind of inverted defense that appeals to scientists 

IX PnEDrsPOsmoN 

Predisposition attains chapter status because we believe it covers the 
essential activity of the ecologists m the field of plant pathology Dis 
eased plants are affected by their environment just as healthy plants 
are, perhaps more so Plants grooving in some environments put up less 
defense than in other environments and vice versa 

Plants are predisposed by their environment Predisposition is some 
what difiScult to treat because much of the experimental work is con 
founded Very often the experimental environment is imposed at the time 
of inoculation so that the plant does not have time to become adjusted to 
it before the onslaught of the pathogen Sometimes this type of experi 
mental design gives very useful information but the information is more 
useful if the plants are exposed for a time before inoculation as well 
And finally we come to therapy of the diseased plant This is a 
method of control of disease in single plants The usual control methods 
for disease are aimed at interdicting dispersal of pathogens from dis 
eased to healthy plants The pathogens are outside the host at the time 
Therapy is aimed at plants that are already mfected 
Surgery is used to some degree m plant pathology under the old 
Bibhcal dictum If thme eye offend thee, pluck it out ” Its most useful 
apphcation is in ornamental trees where the expense is offset by the 
aesthetic gains 

Chemotherap) is a new frontier which is slowI> gaming ground 
This IS a most difficult problem, however ^Vhen tlie researches in tlie 
field of biochemical defense are mnmed with those of chemothonp> 
both should gam 
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I Introductiov 

Plant pathology sweeps across most of the sciences in botanj It dil 
into zoology when animals cause disease It must deal with soil 
meteorology, physics, chemistry Tins is piecisclj the same situation i 
prevails in medicine and vetermary science 

The chemist must deal witli a wide range o[ science, but it is hard 
to be compared with the wide ranging scope of plant pathology 

In this chapter we hope to suggest bow the other sciences impini 
on plant pathology and how it impinges on some of them Also tl 
importance of plant pathology for several aspects of human life w 
be discussed 


II Plant Pathology among the Sciences 
A Scope of Plant Pathology 

For a good understanding of the scope of plant pathology, we mi 
go back to the middle of the 19th century, when this science began 
that time, the theory of spontaneous generation of microbes and fur 
was still accepted by many scientists Botany, including plant taxonon 
physiology, and mycology, was gradually evolving from the iner« 
descriptive stage into the more dynamic one of experimentation 
Germany, old erroneous ideas about the causes of parasitic plant c 
eases began to tumble down mainly as a result of the excellent work 
the brilliant young mycologist Anton De Bary and the critical writu 
of Julius Kuhn, who published the first book dedicated to plant patholc 
as a whole m 1858 In 1853, De Bary wrote his first paper on plant c 
eases proving by experiment, that smuts and rusts of cereals are due 
pathogenic fungi He showed that the fungi are not exudates of diseaf 
tissue and that they are not spontaneously generated This was qt 
revolutionary, as at that time leading scientists believed that fungi 
diseased plants derived from waste material of the plant whereas disea 
were thought to be due to a general inner disease predisposition pres 
m all crop plants but absent m wild species Thus arose expenmer 
plant pathology 

As the science of plant pathology partly evolved from plant ph 
ology It IS not surprising that all abnormal growth of plants belon' 
to Its field of study, independent of the primary cause of the abr 
mahties Plant galls due to mite mfestation or deformations resull 
from the presence of insects such as gall midges, were just as imporl 
to U e first paUiologists as dueases due to fungus attack or unfavorr 
weather conditions such as heavy frost or abnormal drought 
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Probably the early development of the science of plant pathology in 
Germany is responsible for the fact that descriptions of damage due to 
insect pests still are found in German handbooks such as the well known 
six-volume “Handbuch der P5anzenkrankheiten ' 

Many disturbed physiological processes of the plant result from 
adverse environmental condihons either m the soil (eg, mmeral de 
ficiencies or excess of certam elements, lack or excess of water) or m 
the atmosphere (eg, too low or too high temperatures, presence of 
poisonous mdustnal gases). 

In many other cases a hvmg pathogen is responsible for the disease 
Fungi were the first livmg pathogens to be recognized Bacteria, the 
most dangerous germs for men, were discovered much later as plant 
pathogens Although they may cause severe diseases in plants especially 
when tlie climate is hot during the growmg season, the number of 
diseases caused by fungi is far greater More recently, viruses were 
recognized as the cause of many diseases, and also eelworms (nema- 
todes) were found to cause serious damage to crops The importance of 
the latter group is gradually bemg recognized Within the near future 
nematology will probably develop to such an extent that it will be 
impossible to treat this subject m a handbook like the present one Of 
course, speciahzation is necessary but one should never forget that the 
disorders m plant life are complicated physiological phenomena in which 
more often than not several organisms and the environment play an 
important role 

In the followmg paragraphs an attempt will be made to discuss those 
disciplmes which impinge on plant pathology and on which plant 
pathology impmges 

B Relation between Plant Pathology and Other Sciences 

1 Physiology of Healthy and Diseased Plants 

Plant physiology is science most closely related to plant pathol- 
ogy A d isea^has been defi ned a s an abnormal physiological process 
Hince, plant pathology is concerned with abnormal pliysiolog}' 

Planf "physiology has contributed greatly to plant patliology Plant 
pathology makes use of essentially all that tlie plant physiologist has 
learned Tins may be illustrated wth some examples 

Nutrition is basic to the life of plants as well as of animals A short- 
age of trace elements such as manganese, zinc, and boron induces 
disease s\'mptoms and application of the right fertilizers may reverse 
the process and bring the plants back to normal Tlius, it has been 
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possible to cultivate new lands by adding trace elements and phosphites, 
e g m southern Australia, which hitherto were too low in fertility to 
allow a profitable crop production 

Photosynthesis and the distribution of assimilation products influence 
and are influenced by pathogenic infections as shown in more detail 
m Chapter 8 of this volume Recent investigations suggest an increase 
m photosynthesis during the first few days after infection (Sempio 
1950) and a subsequent decrease especially m heavily infected plants 
(Allen 1942) In the earlier literature too little attention was paid to 
the trend in photosynthesis with time some mvestigitors measuring 
photosynthesis at an early stage of infection whereas others used plants 
with an established infection (Yarwood 1957) However, photosynthesis 
always decreases within a few days after infection 

The chemical constitution of healthy leaves changes durmg the grow 
mg period and simultaneously the susceptibility for diseases alters For 
example only young apple leaves of a certain age are attached by 
Veniufifl 'fhe older leaves remain free from the disease even after 


artificial inoculation and according to Grummer (1955) there is a cor 
relation between the infectivity of potato leaves by the late blight fungus 
Phytophthora mfestans and protein decomposition m the leaf tissues 
This decomposition takes place as a result of initial tuber formation 
This fascinating sub)ect is treated in Chapter 12 of this volume 

Many diseases increase transpiration in plants often in combmation 
with an increase in permeability (Thatcher 1939) Whether this in 
crease m permeability is responsible for the mobilization of substances 
from adjacent healthy tissue or whether such a mobilization is due 
to metabolic changes is not quite clear 

Padiological wilting may occur eg as a result of the action of 


vascular parasites attacking the roots and lower parts of the plant These 
parasites (fungi or bacteria) may produce toxins which according to 
Gaumann (1931) have a coagulating effect on the protoplasm of the 
host cells resulting in water release and an excessive rate of transpira 
tion In Section 8 we shall see that other workers hold another opmion 
with respect to the biochemical background of wilting 

Not only does the plant pathologist depend on the plant physiologist 
for a better understanding of the pathological processes gomg on m a 
diseased plant, the physiologist may also gam understanding of normal 
ph>siologvcal ph^^^a by using abnormal” (le diseased) plants 
(Sudionihov, 19S7) Tlius Bennett (1937) studying curly top (a Mrus 
disease) of sugar beets conlnhutcd substantially to out general teZ 
edge alK„.t translocation of food in plants Another exaiup“ mTnIy 
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Braun cites an interesting effect of witches’ broom on dormancy (see 
Chapter 6 of this volume). The elucidation of this effect should be 
valuable in normal plant physiologjA But unfortunately such reciprocal 
features of plant pathology are often ignored by the physiologist. 

2. Pathological Anatomy and Morphology 

The histologists, anatomists, and morphologists have contributed their 
share to plant pathology. Various histological and morphological char- 
acters of the plant influence and are influenced by disease. These matters 
are subject to detailed analysis in Chapter 11 of this volume and in 
Chapter 6 of Volume 11. A few examples suffice to outline the subject 
for our purposes here. Many infections induce local necrosis of tissue, 
e.g., in the case of hypersensitivity of a host for a pathogen (see Chapter 
13). The pathogen dies when the adjacent cells are induced to divide 
forming a protective meristem, often consisting of corky cells (peri- 
derm). Potato leaves become brittle in case of leaf roll infection. This 
virus disease produces typical changes in the cells of the phloem that 
prevent a normal downward stream of assimilation products. 

Several instances of pathological plant gro\vth and monstrosities are 
mentioned in the Report of a Symposium on Abnormal and Pathological 
Plant Growth (1953) including tumors due to the crown gall bacterium 
{Agrohacterium tumefaciens) and to virus infection. The former will be 
treated more in detail in Chapter 6 of this volume. Abnormalities range 
from the formation of “giant cells” (e.g., caused in potato roots by 
Heterodera rostochiensis, the potato root eelworm) to leaf enations, 
green protrusions mostly on the underside of the leaves, as in the case 
of rasp leaf virus disease of cherries, and cup-like outgrowth of the 
veins, being a symptom of the so-called “kroepoek" virus disease of 
tobacco (Kerling, 1933). 

Witches’ brooms are also common disease symptoms that arise from 
the forcing of dormant buds. Rubus stunt virus of raspberries (Prentice, 
1950) induces phyllody which means a change of floral organs (sepals, 
petals, carpels, and stamens) into leafy structures; they are sometimes 
of exactly the same shape as normal leaves, e.g., with clover. Strangely 
enough in many cases the stamens are not altered. A recent survey of 
the literature on this subject is given by Bos (1957). Although these 
peculiar pathological forms have been kno\vn for a long time, it is only 
recently that viruses have been found to be the causal agents in many 
cases. Tliis type of disease is not just a teratological rarity, but it may 
spread epidemically causing severe losses to the growers (Rhind et at.. 
1937; de Fluiter and van der Meer, 1953). 
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Here also we find reciprocal contributions of plant pathology. The 
crown gall disease has contributed greatly to the knowledge of diifer- 
entiation It has also been valuable to students of human cancer. Floral 
morphology was elucidated by the study of phyllody. 


3 Genetics, the Basis for Breeding liesistant Varieties 

Little as we may know of the physicochemical processes that prevent 
a pathogen from establishing itself in plant tissues, there are nevertheless 
many examples of successful breeding of disease resistant varieties of 
our agricultural and horticultural crops ^^odem plant breeders have 
provided us with an increasing number of valuable crop plants that 
are resistant to some or all tlie major diseases Stakman treats these 
problems m Chapter 14 of Volume III 

Unless the etiology of the disease*causmg agent is known, the chances 
of obtaining resistant varieties are limited Admittedly, some very suc- 
cessful resistant varieties have been produced witliout knowing anything 
of the causal agent of the disease One of the classic examples is sugar 
cane resistance to the so called screh disease on Java Much later it was 
found that sereh disease is caused by a virus 

Originally, breeders used only mass selection Tliey picked out the 
healthy plants in a heavily infested population and there was some risk 
that such plants had escaped infection Subsequent testing demonstrated 
whether or not a resistant strain had been obtained An early example of 
this procedure is the success of L R Jones (1914) m selecting yellows 
resistant cabbages 

Mass selection is less promising than formerly, however, because our 
agricultural and horticultural crop varieties are usually more homog 
eneous than before and comprise fewer biotypes than the old indigenous 
breeds of crops 

Because of this, the potential danger of a serious outbreak of disease 
IS greater today than it used to be Plant breeders are well aware of 
this menace 


The rediscovery of Mendel's laws of heredity in 1901 greatly facili 
tated the use of genetics m plant pathology 

Biffen (1907), during his studies on wheat genetics at Cambridge, 
was the first to discover tliat resistance and susceptibility to yellow rust 
(Pticcmifl ghimfirwm) are inherited characters followmg the same rules 
as the inheritance of morphological characters When his rust resistant 
varieties turned out to be susceptible m Australia there was much dis- 
belief in genetically bound disease resistance However, with the Z- 

“crally “-.US1„„ w^s 
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Often, the species or variety carrying the resistant gene is of no value 
as a crop plant One must then make several back crosses to the valuable 
but susceptible cultivated variety, thus combining the genes for resist- 
ance with valuable market qualities Such a procedure is a time consum- 
mg busmess A period of 10 years is quite normal before an acceptable 
new variety is obtamed 

In order to prevent disappomtments, a knowledge of the disease and 
its causal agent is imperative in deciding on the moculation methods, 
and the best ways of establishing a local epidemic (Coons, 1953). The 
breeder should be aware of the great vanations in pathogenicity within 
the races of the pathogen (fungus, bacterium, or nematode) The study 
of the genetics of pathogens, therefore, is of the greatest importance for 
breeder and plant pathologist alike WOiile the geneticist or mycologist 
may study the inheritance of any given property of a pathogen such as 
color, spore morphology', or biochemical reactions (for details see 
Beadle, 1945, and Catcheside, 1951), the plant pathologist is especially 
interested in its pathogenicity to the host plant 

A complication m the plant pathologist's work is the fact that the 
races of the pathogen seldom diflFer morphologically but only in virulence 
toward the host plant Therefore, these races can only be distinguished 
by their behavior toward different varieties of the host plant For many 
diseases such differential varieties are being used with success, e g , in 
the case of stem rust of wheat (Stakman ct al , 1944), rust of flax (Plor, 
1954), anthracnosc of beans (Andrus and Wade, 1942, Hubbehng, 1957) 
More details on this subject will be given in Volume III, Chapter 14 
Plant pathology has contributed to genetics witli studies on the sexual 
reproduction of pathogenic fungi and on the genetic background of 
pathogenicity (eg, Keilt ct al , 1943, Keitt and Boone, 1954 Venfuna 
tnacquahs, Flor, 1953 flax rust) As an example of the complications 
met NMth in tins work, the outstanding contribution of Flor (1955) ma\ 
be mentioned He explains hosl-patliogcn interaction in flax rust 
assuming a gcne-for-gcnc relationship between rust reaction in the host 
and pathogenicity' in the parasite In flax and the flax rust fungus Flor 
has been able to idcntifx 25 such pairs of genes 

Comparable results have been obtamed by' Black ct al (1953) using 
races of Pht/fophthora infcslans on potato 

How the so called Funci impcrfecti form phxstological races h.as long 
been obscure It was mostU thought to lie due to mutation, but recent 
work of Poutccono ct al (1053 Ponlccono and Semionli. J950 and 
Buxton (193C) throw j, some new light on this pbtnominon It seems 
that liclcrokarvosis as found In Buxton for Fu^anum pxtjsporwn { ptti 
(a c.ause of pea wilt) is not uncommon and it is not at all improbable 
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that a parasexual system as described by Pontecoryo •'■"d Serrnonti 
(1954) is responsible for the formation of new physiological races i 
many of the Fungi imperfeeti. On culture media, anastomoses between 
adjacent hyphae of different strains of a fungus are quite common and 
there is no reason why this should not occur in nature. 

From the foregoing, the fundamental mutual importance of genetics 
and plant pathology will be clear. Both disciplines should be obligatory 
in the training of students in plant pathology. This is already the case 
m almost every university in the United States. The import.int role that 
American plant pathologists play in the development of so many disease 
resistant varieties of crop plants in the United States may be due to the 
fundamental laiowledge of genetics present with the student in plant 
pathology m that country 


4 Plant Taxonomy and Plant Geography 


Plant geography and taxonomy have also contributed to the science 
of plant pathology Vavilow (1935, English translation 1949-50) first 
realized that cultivated crops had probably lost important genes and 
that these could be recovered only by collecting taxonomically related 
species and genera from the centers of origin of our crops In such work, 
expertness in taxonomy and plant geography is important 

Vavilow and others traveled to all eleven regional centers of origin 
of our crops throughout the world and collected more than 300,000 
samples of seed and seedling material Enormous unknown varietal 
resources even of such crops as wheat, potato, corn, legumes, rye, and 
flax were discovered As Vavilow says- “In the case of certain plants such 
as the potato, the newly discovered species and varieties literally revolu- 
tionized our conception of the source materials.” 

Careful plant geographic studies had to precede the expeditions and 
finally the large collections had to be studied taxonomically. Vavilow con- 
cludes his chapter on the phytogcographic basis of plant breeding as 
follows: “The enormous plant potentials discovered in the centres of 
primary’ origin of forms and species of cultivated plants, should be sub- 
jected to investigation not only by the taxonomist, but also by the 
physiologist, the biochemist, and the pathologist. In the field of genetics, 
which aims at new creations through the most rational combinations of 
parents, an immense field of the most fascinating and urgent work is 
opened up.” 


Many of the species collected by the Russians are of .an endemic 
tspe. -nus means that their biochemical constitution may be entirely 
different from that of the commonly «s«l cirltlvaled variette thus pro- 
MdinK a new b.asc for resistance to pests and diseases to which they 
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have not been exposed in their original habitat. This so-called preadapta- 
tional resistance seems of great importance (Harland, 1955). 

It is not surprising that Vavilows publications aroused much interest 
all over the world. American, German, and other expeditions were sent 
to the promising gene centers. Large collections of as many varieties, 
related species, and genera as could be found, were planted in experi- 
mental plots to be used as a gene reservoir. In order to prevent intro- 
duction of dangerous new diseases or pests, such plants had to stay in 
quarantine before they were released to the breeding stations. There 
these stocks are being tested for resistance to the major diseases. The 
interregional potato introduction and preservation project at Sturgeon 
Bay, Wisconsin, for instance, is testing the reactions of all collected 
material to Verticillium wilt, FusarUtm spp., common scab, late blight, 
early blight, Southern bacterial wilt (brown rot), ring rot, black leg, 
virus A and X, and leaf roll (Stevenson and AkeJey, 1953). Similar work 
is done at the Max Planck Institute for Plant Breeding at Koln/Vogel- 
sang, Germany, where immunity from viruses X, B (closely related to 
X), Y, A, and leaf roll was found in a number of wild potato species 
(Ross and Baerecke, 1950). 

5. Mtjcologtj, One of the Important Foundations of Plant Pathologtj 

Mycology is the science that fathered plant pathology. That is 
because fungi are bigger than bacteria and viruses and could be seen 
first with primitive microscopes. Plant pathology could not become a 
science as long as etiology was lost in a haze of spontaneous generation. 
Originally, m}’cology was a purely descriptive science devoted to the 
classification of fungi. One of tlic outstanding early mycologists was 
E. M. Fries, of Sweden, who published his “Systema Mycologicum” over 
tile years 1821-29. This work forms tlie basis for systematic mycolog)' 
in much tlie same way as Linnaeus’ “Species Plantamm” became the 
classic for plant taxonomy. However, Fries’ ideas on plant parasitic fungi, 
which he brought together in a section called Hjpodcrmii, because tliey 
were found under the skin of plants, were fully in accordance with the 
opinion of his contemporaries. lie stated: “These fungi depend on a 
diseased condition of the plant ratlier than vice versa. From the study 
of many examples, wc h.avc learned tliat they are hcrcdit.aiy' and that 
they depend on the comjiosition of the atmosphere. Even* fear of their 
propagation hy sporidia is superfluous** (cited by Rrm\'n. 1951). 

The idea of the indci>cndent existence of microscopic funt»i lx^.ime 
generally accepted only after the appearance of the cpoclemnkim: publi* 
cations of the Tulasne brothers (1561-65) in France and of De B.ir\ 
(1553. 1566) in Cenn.uiy. 
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The development of synthetic stenie media for the cultivation of 
fungi was a seven league step for mycology and plant pathology It 
converted etiology to a scientiBc reality It enabled an ever increasing 
number of scientists to study the physiology, sexuality, sporulation, 
nutritional wants, and genetics of countless saprophytic and parasitic 
fungi 

In the meantime systematic mycologists went on descnbmg new 
species compiled m Saccardos well Imown ‘Sylloge Fungorum’ (1882- 
1931), now contammg no less than 80,000 namesi After the begmnmg 
of the 20th century, it became evident that the species limits for many 
of these fungi were too narrow smce most of them had been described 
without taking into account the mHuence of environmental conditions 
on morphology Each species contains many strains, and the range of 
characters shown hy the sum of strains is wider than that of the original 
strain For us as plant pathologists, physiological strams are of even 
greater importance than morphological ones as the virulence of one 
strain may differ greatly from that of another, e g , with the rust fungi 
on cereals 

A special group of mycologists study those fungi living symbiotically 
in the roots of trees where they give rise to morphological changes called 
mycorrhlza It is interesting that Basidiomycetes, are particularly im- 
portant in this role They include toadstools, such as Boletus and Aman- 
ita TUcir role seems to he very specific, one Boletus species being 
assoaated onlj with one t)pc of tree 

0 Virology, a Study of the Borderline between Lwing and 
Dead Substances 


Mono Nature makes so gradual a trousition from the tnantwufc to 
the animate kingdom, that the boundary lines which separate them arc 
indistinct mid doubtful (Aristotle, cited from K M Smith, ‘Beyond 
the Microscope") 

After man) centuries of disbelief, tins 2000 year old remark of the 
famom disciplo of Phlo is graduallj being accepted by more and more 
scientists 


Without going into futlbcr detail on tins pbilosopbical concept, one 

n’rr V' ' ' 'i™'7 elnmctcnstics partly specific for Imng 

org-inlims and p.rtlj mlurent fn dead substances M, colog, may have 

dmXli^X/s^ltX"' 

Xar"r,l: (S.aX''?5KiVTl’.raS.''1n ''’™ 

vmames, ijaa) Tins accompHsbmenl eventually 



SCOPE AND CONTRIBUTIONS OF PLANT PATHOLOGY 


29 


won a Nobel Prize for Stanley. Even to this day the tobacco mosaic 
virus continues to contribute importantly to knowledge of virus and 
even to knowledge of genes and their function. 

Virology has very rapidly grown into a separate discipline because 
viruses of man, plants, llvestocl^ insects, and bacteria have many prop- 
erties in common. Results obtained in one group are as a rule of great 
interest to the virus workers in the other specialties. 

Isolation of the vinis in as pure a form as possible is essential for 
further studies. Only recently through the use of the ultracentrifuge, 
electrophoresis, chromatography, and electron microscope, a number of 
viruses have been obtained in a relatively pure state. This engenders 
admiration for Stanley (1935) and his co-workers, who had to crystallize 
tobacco mosaic virus by using ordinary chemical methods. The tobacco 
mosaic virus now appears to be a nucleoprotein with a molecular weight 
of about 40,000,000. It has been possible to measure the size of the 
virus particles by ultrafiltration or X-ray application. Later, these data 
were confirmed when the virus particles were visible with an electron 
microscope at a magnification of I0,(KX) to 30,000 times. 

In order to understand fully the biological activities of a virus, it is 
desirable to know the special configuration of the virus molecule. This 
seems at the moment still a superhuman task (Tbung, 1957). Neverthe- 
less, recently considerable progress has been made in this field (Perutz, 
1958). 

One of the general virus problems is the attachment to and penetra- 
tion of cell walls by viruses. Here, the workers with bacteriophages of 
the T system have got the lead (Tolmach, 1957). 

Another and perhaps the most important general problem is that of 
virus multiplication in the host cells. This will be considered in detail 
in Chapter 3 of Volume II. 

Animals develop resistance to viruses by producing antibodies in the 
blood. Since plants do not form antibodies, the methods used Hath 
animals to stimulate antibody formation are useless in treating plant 
virus diseases. However, for diagnostic purposes, serology is used on a 
large scale in plant virus work. Rabbits and other animals are used for 
the production of antibodies by injecting tlie purified plant virus into 
their veins. A whole r.onge of antisera been prepared in tliis way, 
and tliese are used by the General Nctlierlands Inspection Service for 
Seeds of Field Crops and for Seed Potatoes (NA.K.) for tlie production 
of healthy seed potatoes free from viruses X, S, and M. Tlie antisera 
are prepared by the Laboratory for Bulb Research at Lissc, where the 
mass-testing techniques also have been dcv’clopcd (van Slogfcren, 
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1955) It IS interesting to note that the presence of potato virus S was 
discovered during serological research at Lisse This virus may cause 
15% yield reduction and now that it has been discovered, it seems to 
be widespread in Europe and the United States 

7 Applied Entomology, an Indtspensable Help to the Plant Pathologist 
During succeeding decades, plant pathology began to neglect insects 
as pathogenic organisms and drifted into mycology, bacteriology, and 
virology The role of insects as causes of plant diseases and injuries was 
left to entomologists who founded the science of applied entomology 
Plant pathologists have, however, also contributed to applied ento- 
mology by their studies of symbiosis between insects and microorganisms 
A typical example of a mutualistic symbiosis is the case of bacterial 
soft rot affecting many vegetable crops This disease is spread by the 
seed-corn maggot, Hylemyta ctlicrura (Rond ) and other dipterous 
insects The maggots can develop normally only in plant tissues decayed 
by the bacteria The soft rot bacteria, in turn, cannot penetrate unin- 
jured plant tissues, but grow abundantly once the plants have been 
wounded, eg, by maggots (Leach, 1952) In this respect, it is inter 
estmg to note that the bacteria survive within the intestinal tract of the 
insect in all stages of metamorphosis mcludmg the eggs 

Much more common is the spread of diseases by insects which appar- 
ently do not benefit from this transmission at all but merely act as 
\eclors The first report of such an insect transmitted plant disease was 
given by Waite (1891), who proved that the bacteria causing fire blight 
of pears are transported by bees and wasps while visiting blossoms in 
search of nectar Tins subject is treated m considerable detail by Broad- 
bent in Chapter 4 of Volume III 


The Japanese entomologist Takami discovered as early as 1901 that 
the dnarf disease of nee in that country developed as a result of the 
feeding of the leaf hopper, Nephotcttix apicahs Uhl He did not know, 
however, that this leaf hopper acted as a vector of an infectious disease’ 
Tins was established by other Japanese workers m 1908 It was many 
more >ears before the virus nature of the disease could be proved 

If one realists how long ago leaf hoppers have been indicated as 
^cctors of urus d.soasc.s >n Japan Un.lcd Stains, and Russia, it ,s sur 
pnsmg dial no kaf liopper Iransm.Uid Mrus disease lias been reported 

(19o3) found the Icif hopper Macropsts fusetda Zett to be the vector 
of nibus stunt, a virus disease of xasnbemes TIue u i , 
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There is another interesting problem m relation to the transmission 
of virus diseases Wliy are some viruses nonpersistent (ahowmg the 
insect carrier to transmit the pathogen soon after feeding on a diseased 
plant) whereas with others — the persistent viruses — an interval of up 
to several weeks may be necessary before the insects can mfect healthy 
plants^ The latter case seems to be the rule with viruses transmitted by 
leaf hoppers Here apparently the virus multiplies in the insect body as 
the insects remain infective through several successive generations 
(Black, 1950, Black and Brakke, 1952) Other instances are reported 
where the nymph of a leaf hopper can pick up a virus but is not able 
to transmit it until the adult stage is reached This also points m the 
direction of virus multiplication m the insect body Still different is the 
case of a thrips (Frankltniella tnsularts), transmittmg spotted wilt virus 
of tomato Here, the adults become infective only after the larvae have 
sucked on a plant diseased by vims (Bald and Samuel, 1931) 

8 Biochemistry and Plant Diseases 

Biochemistry is a rapidly nsmg science which is contributing very 
fundamentally to our knowledge of the abnormal processes in disease 
In many ways the advances in science are derived from advances in 
technique Biochemical techniques are developmg so fast that they 
almost tumble over each others heels and every new technique is soon 
reflected m advances in plant pathology 

The more that is known about the biochemical processes taking place 
at the foci of mfection the more it becomes clear how complicated 
pathogenesis is This fascinatmg and most fundamental section of plant 
pathology is gettmg more and more attention from the modem research 
worker The difficulties he faces are tremendous, but important achieve- 
ments attamed thus far have stimulated yet more research aimed at a 
better understanding of pathogenesis 

The possible role of toxins m the development of disease symptoms 
is a typical biochemical problem This is especially the case with wilt 
diseases Many plant pathologists still adhere to the theory that touns 
induce the wilt diseases (Gaumann, 1934) Otliers however, liave re 
cently questioned tlie role that to\ms such as Ijcomarasmin, vasmfus 
carin, and fusanc acid play m the s>'ndrome of wilt diseases, etc, 
because such ph>totoxic compounds isolated from culture filtrates of a 
pathogen have not been detected in or isolated from diseased plants 
(Dimond, 1955) A possible exception is ethylene Tlie epinastv and leaf- 
vellowmg symptoms of wilt diseases seem to result from the action of 
ethvlene formed b> the patliogcn and possibly to some extent bv the 
host 
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It would, therefore, be wrong to regard all form formation of pa*o 
genic fungi and bacteria as unimportant in pathogenesis. Wildfire dis- 
use of toLcco caused by the bacterinm Pseudomonas tabaa may sen^e 
as another example. The biochemistry of this disease has been studied 
in detail. It produces localized chlorotic halos surrounding central brown 
necrotic leaf spots. In this case, a characteristic toxin has been isolated 
It IS a structural analogue of methionine, one of the amino acids essential 


for plant growth. ... j i, • 

The wildfire toxin owes its biological activity in one and perhaps in 
all susceptible plant species to its antimetaboKte properties, i.e., the 
toxin molecule is able to replace the structurally related essential meta- 
bolite, thus causing the development of patl^ological symptoms (Braun, 
1955). Toxins are discussed in much more detail in Chapter 9 of 
Volume II. 

Much biochemical work has been done with the aim of elucidating 
tlie cause of disease resistance. Biochemists have, in the first place, tried 
to isolate chemicals which were only present or occurred in a much 
higher concentration in the nonsusceptible than in the susceptible variety. 
Classic examples of such chemicals are protocatechuic acid and catechol 
isolated from the dry outer scales of pigmented onions (Link and 
Walker, 1933). Such onions are highly resistant to CoUetotrichtim cir- 
cinans (Berk.) Vogl. and several other pathogens. Resistance depends 
on the presence of the dry outer scales, as here the toxic substances are 
easily accessible in a water soluble form and prevent germination of the 
fungus spores. 

Tlic biochemistry of enzyme activity has also advanced our knowl- 
edge of pathogenicity. 

Tliiourea, 2,4-dinitroplicnol, and sodium fluoride break doivn resist- 


ance in several plant species. Substances having this effect are all inhibi- 
tors of the activity of respiratory enzymes. These enzymes seem to play 
an important role in disease resistance (Walker and Stahmann, 1955; 
Fuchs and Kotte, 1954; Hassebrauk and Kaul, 1957). It has been found 
for instance that the activity of the ascorbic acid oxidase system was 
lugber in wheat plants resistant to brov-m rust (Puccinia triticina) than 
m susceptible ns beat varieties (Hassebrauk and Kaul, 1957), In wheat 
aflectod hy stem nisi (Puccinia gramirm trilici) the activity of other 
enrsTO« (c.g . glycolic acid dehydease and glutaminic acid decarboxy- 
la!c) "as much reduced. Since at the same time ascorbic acid oxidaL 
's stimulated the nomml enzymatic b.al.mce of the healthy plant is 
slutted to new metahohe chains in the diseased plant (Farias'^ 10571 
In this rcsixict it is interesting that hypersensitive rcac timro;ca.r^i;<; 
in rcsi,t.mt varieties of various emps h..ve been attributed to nonspeeme 
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"defense bodies” which are formed some hours after infection of the host 
cell has taken place. The name phytoalexin has been proposed for these 
substances (Muller, 1957). They can be isolated from the host tissues 
and are toxic to several nonrelated pathogenic fungi. The fact, stressed 
by Muller, that they are formed only after infection has taken place 
seems of particular importance, also in connection with the statements 
made by several investigators that fungitoxic materials isolated from 
healthy noninfected plants may not be responsible for resistance. The 
apparently easy transport of many chemicals to the site of infection as 
described by Sha^v and Samborski (1956) may be better understood in 
the light of recent cytophysiological and cytochemical studies which led 
to considerable doubt on the presence of a membrane of high resistance 
outside the cytoplasm of the cell. Instead, the theory of apparent “free 
space” has been put forward. According to this concept, the cytoplasm 
has water-filled spaces continuous with the water-filled spaces of tlie cell 
wall and the intercellular space systems allowing free diffusion between 
the aqueous phases of the cytoplasm .and an external solution, c.g., of 
intermediates of metabolism (Robertson, 1957). 

In the case of plant virus diseases, the great stimulus to biochemical 
research was given by Stanley’s isolation of tobacco mosaic v'irtis (Stan- 
ley, 1935), Tlie follou'ing years revealed that several plant ^'iruses, in- 
cluding tobacco mosaic virus (TMV) consist of ribonuclcoproteins (Baw- 
den and Pirie, 1937, 1938; Stanley and Knight, 19-11). In fact, up till 
now, no plant virus has been found which docs not contain proteins and 
nucleic acids (Markham, 1953). 

Modem isolation techniques such as chromatography and electro- 
phoresis enabled research workers to separate the amino acids of the 
proteins and the various constituents of the nucleic acids. Recent investi- 
gations, both with respect (o (he amount of purines and pjTimidincs 
prc.sent in the nucleic acid part of (he vinis and .analysis of the .amino 
.acid composition of the proteins. rcvc.a)cd m.arkcd differences IwlHrcn 
v.arious viniscs (Scliramm and Kcr^kjarto. 1952; Black and Knight, 
1953). 

Miich more biochemical work must Iw done in relation to p.itho- 
genesis and for diagnostic purpost's. \Vc can sec only the lx*ginntng. 

9. CJtcmisIry, One of the Pillars of Modem Plant Protection 

Tli.at the title of this p.ar.agr.aph Is not .an overcstimalion of the 
important role chcmistiy pUys toslay in pI.Jnl protection may lx* illiij- 
tr.atctl by some examples. See<l treatments with fungicides, now luang 
a common practice', e.g.. with cereals and \egetahh‘ crojts. h the chr.ip<MT 
insurancx* the fanner cxin t.iVe against certain pl.int di<e.as^n. 
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those caused by damptng oS fung. 

use many crops had to be replanted at considerable cost Treatment o 
spinach seed at a cost of only 30 cents yielded a $300 gross return 
according to McNew et at (1951) New very potent seed protectants 
such as thiram and captan have been added to organic mercury arid 
inorganic copper compounds which were the favorites before World 


Recently, new antibiotics (eg, rimocidme) have been isolated from 
certain Streptomyces species They have shown a systemic action, pene 
trating through the seed sTan thus kiUmg internal pathogens such as 
Ascochyfa pisi m peas (Dehker, 1957) 

In the United States, the yield of potatoes per acre doubled from 
1939 to 1952 as a result of combined spraying of the foliage with DDT 
and ethylene bisdithiocarbamates (Dimond and Horsfall, 1955) 

Control of soil borne fungus diseases, other than damping off, is still 
difRcult to obtain, although some new approaches (eg, with sodium 
N methyldithiocarbamate) look rather promising Soil treatments with 
nematicides such as DD have given excellent results against plant para 
sitic nematodes 


As the potential market for pesticides is enormous, the great interest 
m plant protection sho%vn by chemical companies is not surprising More 
Uian 25 000 organic compounds have been tested as possible fungicides, 
and tins number is still increasing daily Less than 0 1% ever reaches the 
stage of practical application (Dunegan and Doolittle, 1953) The devel- 
opment of such a promising compound needs large investments ranging 
from §250000 to over $1,000,000 Still, the prospects seem to be attrac 
ti\e In the last 3 years the average annual production, of copper sulfate 
for fungicjdal use amounted to 145 000,000 Ib m the United States Total 
United States exports of pesticides increased to a value of $85 909 000 in 
1937 (Shepard, 1958) For the control of Sigatoka disease of bananas 
in Central America more than 45000000 lb of copper compounds are 
applied each xcarl In fact, crop protection forms the highest cost in 
present day banana production 


As It is clear that it would be impossible to test o\ery chemical com- 
pmind m field trials, research must primarily be carried out by chemists 
and plant pathologists in the lalioratory Modem industrial researcli 
hlKiratorics Imc been built for this purpose 

Wulo the mode of oetron of fungicides is not yet fully understood, 
" vhcmicds ssd! he more or loss on a "trial and 

■ rror bins Cli irK, the ideal would lie to predict the fung.lowc activitv 
frimi the siniclnn of a themicnl compound )nst as the modern cliemid 
"Oi mg n, , phsiics cm non disign non compounds with the desired 
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properties at his desk, and then prepare them in the laboratory With the 
“trial and error” method we do not mean, however, that one should take 
all the available chemicals from the shelve and just screen them on their 
biological activity As van der Kerk (1956) said “Rather has one to 
admit that discoveries of new fungicides usually are based on knowledge 
also of distant domams of the natural sciences, on a keen intuition, and 
on the ability to make cross links between apparently unrelated fields ” 
As an example, he mentions the development of the dialkyldithiocarba- 
mates as fungicides 

Gradually, a stage of knowledge is reached where one scientist of 
genius, capable of surveying the whole subject and findmg time for 
constructive imagmative thmlong, may detect the still lackmg funda- 
mental natural law lying at the very base of the most divergent physico 
chemical mteractions of the living organisms and their manimate 
environment 

We now must face the practical implications connected with the 
use of fungicides The laboratoiy techniques necessary for the develop- 
ment of new fungicides will be treated later (Chapter 14, Volume II) 

Clearly, in plant disease control it is not suflBcient to find a chemical 
with strong fungicidal activity The product also should not be harmful 
to crop plants, moreover, it must be rain resistant This sounds simple, 
but disappointments have been the reward of industrial chemists because 
m the field, some products have behaved differently from laboratory and 
greenhouse tests, both on phytotoxicity and on ram resistance 

The final product ready for marketing does not contain only the 
active ingredient and some mert material, but as a rule stickers and/or 
spreaders (ivetters), and stabilizers are also added This so called 
‘formulation’ of the product, done by special chemists, is more an art 
than a science although gradually out of experience and knowledge 
some general principles are evolving 

Both for insecticides and fungicides there is at present a certain 
trend toward biocides which kill the noxious organisms but sa\c the 
beneficial ones An example is the selective action of thiram used as a 
soil fungicide, in which case the antagonistic fungus Tnehodenna vtrtdc 
was not affected (Richardson, 1954) Tlie most specific fungicide known 
at present is hexachlorobenzene, discoxered m France for wheat bunt 
{TtUetta cartes) In general, the organic fungicides seem to be more 
specific than the inorganic ones (LilK and Barnett, 1951) 

The chemist who de\ clops new fungicides mn> ha\c to deal with 
resistance of a fungus against the fungicide Spraxing of insecticides Ins 
frequenth resulted in the clc>eIopmcnt of resistant strains of the pest, 
and the use of antibiotics both m medicine and agriculture has led to 
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acquired resistance of pathogenic bacteria. Until '''f® 

much evidence that the same occurred with fungi, but Horsfail (lywi, 
p. 96) gives some literature citations which undeniably demonstrate the 
possibility of the development of resistance of certain fungi with respect 
to such fungicides as copper compounds, organic mercury compounds, 
thiram, and tetrachloronitrobenzene. Recent German worh on the differ- 
ences in resistance between various strains of wood attacking fungi 
toward wood preservatives points in the same direction (Gersonde, 1958; 


Schulz, 1957) 

Undoubtedly, the ideal chemical treatment of crops against fungus 
attack is chemotherapy, also called internal therapy, contrary to the 
conventional method, where the chemical is used as a protectant. In the 
case of chemotherapy, the fungus is killed after it has penetrated the 
plant tissue. Organic mercury compounds, for instance, can be used as 
therapeutants (eradicants) up until several days after infection of apple 
scab has taken place. Many promising laboratory and greenhouse ex- 
periments have been carried out with chemotherapy, but so far only a 
few practical applications of this method are known. Chemotherapy also 
includes the use of antibiotics, e.g., as seed dressings, and the control 
of deficiency diseases. In the latter case good results have been obtained 
by the application of the deficient trace element either to the soil or 
as a foliage spray. Chemotherapy will be treated in detail in Chapter 15 
of this volume. 


10. Technology Comes to the Rescue 

Much of the art of plant pathology requires engineering technology 
and the engineers have contributed their share. This is particularly true 
in the technology of spraying and dusting. 

Bordeaux mixture was first applied to plants by sprinkling with a 
hmsh. Tills is not a very economical way of engineering. Gradually, 
mechanical sprayers were dei'eloped, beginning with knapsacks and pass- 
ing on to larger power equipment. Origmally it was thought essenUal 
o-r.'”; but doing so one usually wastes 

Bo. of ll,c bqmd and even then one does not completely wet the plant 
(Fraser IBoi ). T i.s so-called high volume spraying, originally carried 
out w.tl, hydraulic sprayers reached its limit in the powerful speed- 
sprajers wilh air-propellers. c.irrying an arc of nozzles and discharging 
as much as lOQ gallons/mm. at a pressure of 55 Ib./sq. inch. Only by 

viiU or-r “li "■ o?' through rrVer 

Wide onnee, thus avoiding cloccinc and nroviVlmfr /r • ^ 
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remains that one or more large tank wagons have to ride to and fro 
for fillmg purposes. 

Eventually, the engmeers developed methods whereby tlie large 
amount of water could be abandoned Nozzles had to be designed for 
distributmg very small quantities of liquid uniformly Here the experi- 
ence obtained by engineers m the combustion of liquid fuels was tapped 
This led to the development of hydraulic low volume spraymg Quite 
another type of low volume equipment is the air-blast low volume 
sprayer, the so-called mistblower or atomizer A large variety of low 
volume sprayers was constructed, taking mto account the crops that had 
to be sprayed and also the method of application For application of 
chemical sprays from the air, for instance, the droplet size must not be 
too small (MMD* > 100 fi) otherwise they drift away in the wmd and 
never reach the leaf surface Moreover, very small droplets (MMD < 
10 /a) will not adhere to plants even if they are applied by ground 
equipment 

The first blowers for low volume spraying were developed as early 
as 1934 (French, 1934) At that time it was thought necessary to use 
oil as a carrier instead of water because one feared that water would 
evaporate too rapidly Later it became evident that this is not the case 
unless the climate is too dry 

It IS mteresting to note that the development of low volume spraying 
for agricultural purposes followed different ways m the various countries 
In the United States, England, and Holland for instance, the cold method 
was mainly used, whereby the liquid was atomized mto tmy particles 
by means of a very fast centrifugal fan or by usmg compressed air In 
Germany on the other hand, attention of the research workers has long 
been concentrated on aerosols, i e , a dispersion of liquid with a mass 
median diameter (MMD) of less than 40 Tliey started with the 
so called hot method, already known in the United States, whereby 
superheated steam or exhaust gases were used as atomizers and propel- 
lents for material dispersal In the latter case particles are so small that 
they are carried a long distance by even low wind velocities Tlierefore, 
up to now this method has mainly been successfully applied in woods 
(eg, for tlie control of cockchafers) or in bams In tlie laboratory, it 
has also been possible to use fungicides m tins x%ay but no practical 
field controls have been obtained because spray drift takes tlio fungi 
cidal clouds over too large a distance, and it does not settle uell In 
Germany, Stobwasser (1933) especiall> investigated tlic possibilities of 
tins method 

Engineers have been studvmg tlie belnvnor of the liquid sheet pro 

• MMD = mass median diameter 
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duced by diSerent designs of nozzles but up to now there is no con- 
necting Lory to enable them to predict the performance and to guide 
them m their design (Fraser, 1957) Nevertheless the poshvar devel^ 
ment of low volume machmes has been amazing (Ripper, 1955, van tie 

Muiizenberg, 1957) , . j 

A new and promising engineering development is electrodusting, 
whereby the dust is given a charge (Bowen et al , 1952) Thus, two 
to three times as much dust settles on the leaves as compared with non- 
charged dusts There is little or no dogging of dust particles and deposits 
are much more uniform, moreover, there is a good deposit at the under 
side of the leaves Tenacity is much better against wind and mechanical 
movements but ram resistance is only slightly better than with uncharged 
dusts (Gohhch 1957) This type of dusting looVs very attractive for 
areas with a poor water supply 

Interesting machines have been built for the application of chemicals 
to the soil, eg, for the control of nematodes 

11 Vhysics, Troviding Essential Tools and Methods of Control 

At the very dawn of plant pathology as a science the great import- 
ance of physics for the study of plant diseases was realized In the first 
handbook on plant pathology, Kuhn (1858) dedicates more than 30 
pages to the description and use of the compound microscope, an 
invaluable tool to the plant pathologist Without this instrument it would 
have been impossible to distinguish the morphological characters of the 
causal agents of parasitic diseases and to study their life cycles By 
using the polarizing microscope, Takahashi and Rawlins (1933) got 
strong evidence of the shape of tobacco mosaic virus before it could be 
observed uith the electron microscope 

Another optical tool is the ultraviolet spectrophotometer Ultraviolet 
absorption spectra contribute to the study of nucleoprotems (Fraenkel 
Conrat and Williams, 1955) and make possible the determination of 
concentrations of highly purified virus preparations (Takahashi, 1951) 
lloucier, this method is not very specific Ultraviolet fluorescence is 
used for diagnostic purposes, c g . m the case of boron deficiency m 
eckrv called brossm checking While normal >oung growing petioles 
appear a dull reddish green, early broivn checking symptoms on the 
nisule of the petiole exhibit a bright light blue fluorescence even at a 
lime when no s>anploms are visible on the outside (Spurr, 1932) A dis- 
ndvanlagc of ihc use of blue fluorescence may be tint with other crons 
the same change of color ,s obtained if necrosis ,s due to different 


T,,l>ors of pola.ocs .nVen,'-,! noZZl m.tmled bv‘'lhrL‘ 
rol I man,,,,, cacr„Jcum displa, „ l,I.,e (luorosconee under ultra- 
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violet light, but the same color can be seen if they are attacked by 
Corynebacterium sepedomcttniy the ring rot bacterium Moreover sprain, 
probably a virus disease, gives about the same fluorescence Yellow 
fluorescence, as also described by Spurr for brown checking of celery, 
may be more specific The type of color of the fluorescence enabled 
chemists to identify some of the causal agents Frequently, coumarins 
have been found They may play a role in the development of necrosis 
The sterilizing effect of ultraviolet light, especially on bacteria, has led 
to the frequent use of ultraviolet tubes in sterile transfer rooms 

The other side of the spectrum, the mfrared, has also been used in 
plant pathology, e g , for the disinfection of chestnuts imported into 
France from countries where the dangerous chestnut blight {Endothia 
parasitica) occurs (Busnel et al, 1951) The advantage of using heat 
treatment obtained by infrared irradiation over heating by convection 
m dry air is obvious m this case 80 seconds in an apparatus heated with 
mfrared radiation (12,000 A), killed all spores of Endothia, whereas a 
normal heat treatment of 10 mmutes at 100® C gave only a very mcom* 
plete sterilization of the fruit surface 

X-ray radiation has been used in virus research, eg, for investiga- 
tions of the structure of some viruses, it can also produce new mutants 
of either plants or fungi 

Several of the latest developments m physics are being investigated 
for their possibilities for research m the field of plant pathology or for 
the control of plant disease, e g > the effect of ultrasonic waves and more 
recently of atomic energy 

Ultrasonic treatment using special equipment has been successful 
for the control of plant pathogenic bacteria (Bacterium mtchtganense 
in tomato seed) and fungi present under the seed coat (Phoma betae, 
Cercospora beticoJa, etc, w beet seed), if the treatment was combined 
with special fungicides ( e g , 8 oxyquinoline sulfate ) which alone proved 
ineffective (Jaenichen and Heimann, 1955) High intensity ultrasonic 
\\ aves changed the physical structure and mfectivit)' of tobacco mosaic 
virus (Newton, 1951) 

Another interesting use of ultrasonic energy was recently described 
by Waid and Woodman (1957) It appears tliat the transmission of 
ultrasonic waves through wood is considerably reduced in case of even 
\ery slight inner deca> Fungal infections such as heart rot often rexmm 
invisible on the outside of a tree, so tlie> may be destniclne for >ears 
Tiirough this new technique, inner diseases of trees and ^^ood can be 
detected m an early stage and measures can be taken, leading to a 
marked reduction in economic loss of timber 

Use of beams of electrons was made b> plant pathologists more 
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particulaily wologists, when they started using the electron microscope 
m their studies Magnifications of 10.000 to 30.000 times (now even up 
to several hundred thousand times) made virus partieles visible tor Me 
first time, the instrument is now indispensable for diagnostic purposes 
m virus research and for studies on the behavior of virus particles inside 


the cell 

The latest and most fascmatmg developments in physics are con- 
cerned with the structure of atoms and the possibilities of mastering the 
immense forces being liberated by atomic fission From nuclear reactors, 
radioactive isotopes are readily available and are of special interest for 
research m medicine, biology, and agriculture They can be incorporated 
into chemical compounds such as fungicides and these so-called labeled 
fungicides can easily be followed on their way in plants and fungus 
tissues, in extremely mmute amounts It appears that all fungicides 
tested, with the exception of sulfur, are accumulated by fungus spores 
(Miller and McCallan, 1956) Radioactive fungicides and nutrients have 
shown a marked accumulation at infected sites of leaves, especially if 
obligate parasites were used in the experiments (Miller, 1958) 

In plant pathology and plant breeding radioisotopes are useful as a 
source of lonizmg radiation As a source of gamma rays, Co®° is con- 
venient for the mduction of inherited changes m germ plasm and for 
sterilizing biological tissues (especially in food preservation) With this 
mutagenic agent the plant breeder can produce resistant varieties of 
valuable crops more efficiently than with the usual plant breeding 
methods (Myers cf al , 1956) Also, one can produce more virulent races 
of the pathogen Under controlled conditions, the breeder could use 
such races to breed adequate resistance prior to the appearance of new 
strams of the pathogen in the field (Anonymous, 1956) 

Electrophoresis and the ultracentrifuge are complementary physical 
tools essential for the study of the basic properties of size, shape, and 
electrical charge of viruses 

Tliese few examples clearly demonstrate the important contribution 
ph>svcs has made to a better understanding of the causes and back- 
grounds of plant diseases and the ways by which they may be controlled 


12 Meteorology Necessary /or Epulcm.ology, Ecology, ami Phenology 
There is Inrdly any parasitic disease dial is not infiuenced by the 
c iante. and many diseases derive directly from adverse weather condi- 
tions In warm continental regions crop failures due to drought or heat 

dam^^'rim '""J*™*' '»'<= host may do a lot of 

damage Tims, meteorologa- another science that is intimately related 
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to plant pathology. These relations will be developed further in Chapter 
14 of this volume and in various chapters of Volume III. 

Since L. R. Jones and his colleagues in Wisconsin carried out their 
classic experiments on the influence of soil temperature on cabbage yel- 
lows, plant pathologists have paid considerable attention to the influ- 
ence of environmental conditions on the development of plant diseases. 
Literature on this subject comprises about one-tenth of all phytopatho- 
logical papers (Foister, 1946). 

As "weather” is a complicated phenomenon, most plant pathologists 
investigate its influence luider laboratory conditions, e.g,, the influence 
of temperature and humidity on the disease syndrome and on the path- 
ogen, while keeping other environmental factors constant. Afterwards 
they translate their findings into actual field conditions. Thus, many 
important results have been obtained which have led to a better under- 
standing of patliogenesis and the epidemiological spread of the diseases 
under investigation. 

One typical example may be cited. In the Fall of 1949 turnips, a 
common catch crop on the sandy soils in the eastern part of The Nether- 
lands, were severely damaged for the first time by a disease which 
appeared to be caused by the nonpersistent turnip virus 1. Beemster 
(1957) proved that severe symptoms developed only at 20-25® C. Plants 
grown at 15® C. did not show any reaction, but after transferring such 
plants to 20-25® C. necrotic symptoms appeared within 3 days. Tempera- 
ture data from the Royal Netherlands Meteorological Institute showed 
that September 1949 had been the warmest September since daily tem- 
perature measurements were started more than 200 years ago. Because of 
this, work on this disease was stopped, since it was extremely improbable 
that the disease would again be of economic importance in the near 
future. 

High temperature, on the other hand, may mask symptoms of other 
virus diseases (e.g., the effect of cauliflower mosaic virus; Walker ef al., 
1945). 

With most fungus diseases both temperature and humidity are of 
major importance for disease development. In tlie case of apple scab 
infection, for instance, there is a close correlation between temperature 
and the time that the leaves must be wet 

Only careful investigation of each separate disease can lead to the 
estabhslunent of optimum temperature and humidity conditions for 
infection. These conditions in many cases are quite distinct from the 
optimum for fungus growth on cultural media. 

Damage to plants as a result of industrial air pollution is also depen- 



42 


J C PEN IIOUTLN 


dent on meteorological conditions, the wind direction being responsible 
for the place where damage occurs, fog or drizzle often increasing sever 
ity of symptoms 

Hail storms, wind, and frost may cause considerable damage not onl) 
directly but also mdiiectly as seveial weak pathogens may become 
destructive once they have been able to enter plant tissues through 
mechanical lesions Miss Kerling (1953) was able to demonstrate m 
laboratory trials that young pea plants treated with an air stream con- 
taining fine sand particles with or without watei, were much more 
severely aSected by Fmanum avenaceum than plants treated with a 
water stream only 
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Annual records of phenological data, such as the first discharge and 
germination of ascospores of Ventuna inaeqtialis, are of great value for 
disease-warning services on which the growers rely with then: spraying 
scheme 

The best and most reliable analysis is obtained if plant pathologist 
and meteorologist work closely together The development of epidemics 
and the possibilities of forecasting them will be treated m Chapter 8 
of Volume III 

13 Sod Microbiology and Sod Chemistry and Their Importance to 
Sod Borne Plant Diseases 

The study and the control of soil-bome plant diseases is one of the 
most difficult subjects in plant pathology, for one reason because "soil” 
IS a very complex substrate largely differing from one place to the other 
as to physical, chemical, and biotic properties 

With respect to physical properties, the following quotation of Sir 
John Russell (1957) is of interest to tlie plant pathologist "It seems 
incredible but nevertheless it is true that m an apparently solid clod of 
earth only about half is usually solid matter, the other half is simply 
empty except for the air and water it contams ” If this is the case, one 
can easily understand why microorganisms, nematodes, insect larvae, 
etc, thrive in mconceivably large numbers in most soils These organ- 
isms are not only influenced by the chemical constitution, the pH, the 
texture, and the water content of the soil, but also by such environmental 
conditions as soil temperature and by the presence or absence of an- 
tagonistic fungi or bacteria and, m the case of nematodes, by the number 
of predators (eg, other eehvorms) or parasites [eg, amoebae (Thera 
tromijxa tveberi, van der Laan, 1954), nematode catching fungi such as 
Arthrobotrys oltgospora and DactylcUa spp (Deschiens ct al, 1943}] 
Another complication arising for the soil microbiologist is the influ- 
ence of growing plant roots on microbial life m the direct vicinit> of 
such roots In this so called rhizosphere, the microbial flora differs from 
that of soil remote from the roots, not only quantitatively (100 times 
more bacteria nere present near the root than in the adjacent soil) but 
also quahtatiNelv (Garrett, 1955a) 

Root exudates are responsible for the hatcliing of the c}sls of highh 
specific parasitic nematodes such as Hctcrodera rostochwnsts and // 
schachftt and for flic posifue chemotaxis found uith several other ccl- 
\%orms In some cases the root secretions arc nematicidal, eg, uitli 
African mangold (Tagetes crccta) The chemicaf responsibfe for this 
nematicidal action has been isolated and ^^as identified as alpha ter 
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thienyl (Uhlenbroek and Bijloo, 1957) Root secretions of tulips and 
other plants have been found to be fungitoxic (Winter and Willeke, 
1951) It is highly probable that these secretions prevent parasitic fungi 
from passing through the rhizosphere 

Not only do parasitic nematodes, fungi, and bacteria stay over in the 
soil, either m a resting stage or as mycelium, but during the past few 
decennia it has been found that several viruses also remain virulent in 
the soil during the dormant season when no crop plants are present 
How these viruses (nucleoproteins) remain unchanged in such an active 
microbiological and chemical medium is not quite clear They may be 
adsorbed to clay mmerals like montmorillonite (van der Want, 1951) 
or they may overwinter in plant material either derived from the previ 
ous years crop or in the roots of surviving weeds (Noordam 1956) It 
has also been suggested that they bridge unfavorable periods inside some 
kind of vector (McKinney et al . 1957) Recent unpublished investiga- 
tions support this hypothesis Eelworms as well as fungi have been 
found to act as vectors for such viruses 


It IS a well teoivn phenomenon that in general disease symptoms are 
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essential for plant nutrition determine whether nutritional diseases will 
develop, but also the ratio of these elements is of great importance for 
the predisposition of crop plants towards parasitic diseases. 

From the soil scientist the plant pathologist derives his ideas for the 
solution of all these diverse problems. 

14. Conclusions 

From the preceding paragraphs it will be clear that our knowledge 
of plant padiology and the control of plant diseases has grown greatly 
since the foundation of this science a century ago. Our basic insight into 
what really happens in a diseased plant remains still very limited, but 
we now know for certain that biochemical processes are involved which 
seem to be responsible for patfiological physiology and pathological 
morphology. 

Biochemistry, plant physiology, and plant morphology have all prof- 
ited from the work of plant pathologists. Tobacco mosaic virus, being 
responsible for typical disease symptoms, is today one of the favorites 
of the biochemist from which he obtained consiclerable information on 
the structure of proteins. Moreover, these studies have contributed to 
our knowledge of nucleic acids, most essential substances in the protein 
synthesis in general. 

Plant pathologists were the first to be interested in the study of 
chemical activities of fungi, a rather new field of research of major 
importance for fundamental biochemistry (Foster, 1949) and for the 
development of antibiotics to which mankind owes so much. 

Basic studies on the translocation of virus in sugar beets (Bennett, 
1937) led to a better understanding of translocation of food in plants. 

Some virus diseases causing phyllody and proliferations have fur- 
nished valuable facts for the solution of morphological problems, e.g., for 
the interpretation of floral morphology. They supported Goethe s theory 
that the flower must be regarded as a modified leafy branch (Bos, 1957). 

The plant pathologist knows how to make use of genetics, plant 
taxonomy, and plant geography for tlie production of resistant varieties. 
Breeding for disease resistance in its turn has had a stimulating effect, 
not only on many breeding programs, but also on the accumulation of 
basic knowledge of the genetics boUi of higher plants and of fungi. Tlie 
study of mycolog)' and virolog)*^ led to a better understanding of 
patliogenesis and enabled us to employ chemical and physical control 
measures which otlieiAvise would have been impossible. Plant pathol- 
ogists have described many new fungus species and tlieir life c>’clcs. 
they also contributed to fungus phystolog)*, genetics, and hiocIiemistr\ 
Chemists and technologists furnish^ many powerful weapons m man s 
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fight against such enemies as insects, nematodes, bacteria, and fungi 
But did not the plant pathologist, the applied entomologist, the nema- 
tologist, and the bacteriologist by their discoveries initiate this whole 
new field of chemical activities resulting m huge chemical industries 
with an annual turnover of several hundred million dollarsf 

Modem, most ingenious physical instruments stand at the disposal 
of the plant pathologist today On the one hand this provides him with 
better possibilities than his ancestors, but on the other hand it also in- 
creases his responsibilities he has less excuse for not finding control 
measures for serious plant diseases In the meantime it may be wise td 
remember that it is hard to change weather conditions which have such 
a strong influence on pathogenesis and epidemiology 

The practical plant pathologist should take great care not to overlook 
the experience gained by countless generations of farmers in the course 
of inany centuries Prevention is better than cure and good crop hus- 
bandry (including plant hygiene) will forever remain a cheap and 
promising basis for the growing of healthy crops But it is by no means 
tdways successful nor are control measures known against lu diseases 
Tins leaves us nitli some serious problems However, we may hope to 
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hungry, or starving and it is impossible to enlarge the area of cultivated 
land sufficiently to provide enough food for the existing millions And 
still, the world population is increasing by about 30,000,000 people a 
year, or the equivalent of a new Australia to feed every 4 months (Stak 
man, 1957) Therefore we must raise the production per acre and here 
the plant pathologist has an important task to fulfill 


Injiuence of Plant Diseases on the Production of Food 
and Raw Materials 


Plant diseases have wiped out or seriously threatened many flourish 
mg tropical plantations CofFee rust caused by Hemileia vastatrix toward 
the end of last century, destroyed the culture of Arabian coflFee on 
Ceylon (see also Section III, B, 4) and Dothidella ulei, causmg South 
American leaf blight of rubber (Hevea brasiltensis) , made the cultiva 
tion of this native tree impossible unbl an ingenious multiple grafting 
technique was adopted (private communication by Dr Lee Ling, 
FAO) 

In order to establish a soft wood industry the Forest Department 
of Kenya started plantations of cypress {Cupressus macrocarpa) Growth 
was abundant until the trees were about 20 > ears old Then Monochaetia 
unicornis, causing severe cankers of the trunk spread rapidly either 
killing the trees or making the timber worthless (Watts Pad wick, 1956) 
Tobacco plants on Sumatra producmg the world famous cigar Nvrap 
pers, suffered frequently from an unknown top necrosis until Mes 
(1930) revealed that this disease was a result of boron deficiency 

Leaf spot or Sigatoka disease of bananas caused by Cercospora musae 
has become so serious m Central America that without the use of fungi 
cides (15-17 sprayings per year) the banana industry could not sumve 
in that area 

Breeding of resistant varieties has saved a tropical crop in other cases 
One of the oldest examples is the breedmg of sugar cane varieties 
resistant against sereh disease and mosaic, both caused by viruses (see 
also Section II, B 3) Sugar beet varieties resistant to curly top (also a 
virus disease) saved the sugar beet crop for the western United States 
Following the mtroduction of these resistant varieties the sugar beet 
area in California mcreased from 53000 to 170000 acres and the vield 
from 8 3 to 16 tons per acre, whereas before several sugar factories had 
to be closed do\vai as a result of the disease 

Bacterial blight or black arm, a cotton disease caused by Xanthom 
onas moJcaccarum, has been particular!} destructive in several cotton 
producing countries in Africa In Uganda the introduction of seed dress 
mg witli a copper fungiade combined with the use of a more resistant 
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cotton variety resulted m a doubling of the yield if compared with the 
previous 27 years (Pottie, 1953) 

The risks taken by the farmer m producmg a crop and how he can 
combat them are familiar to all plant pathologists Tbe ratio of benefit 
received to cost of a control measure determines how far the farmer 
can go in applying control measures Although the diseases are different, 
the food merchandising organization is confronted with the same prob 
lem, because then commodity is perishable and marketing diseases take 
their toll of produce m transit and storage 


B Social Effects of Plant Diseases 
1 Reduction of World Food Supplies 

Since, as we have akeady seen, two-thirds of mankind have not 
enough to eat, it is a deplorable fact that weeds, diseases, and pests 
take about 20% of the food production of the world This is a low esti 
mate since it is based on figures provided for the United States, a country 

this^M^Ls^vT ““<1 extensive crop protection From 

this -0% loss, 7% is due to plant diseases 

Every plant pathologist who has been working m the tropics will 
agree that crop losses are much higher there, partly as a result^of prim- 
itive farming and inadequate disease control, partly because a humid 
hot climate favors epidemics of many fungus dfseasL Ireover Ws 
during storage are much higher in less developed countries 
Although Asia produces about as much fond oe i? 
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As wheat, rice, and maize produce the bulk of the world’s food one 
can imagme what damage is done by such diseases as have just been 
mentioned. 

There is not much chance for a sufficient e.xpansion of the agricul- 
tural area of the earth. To a small extent this may be done by irrigation 
of desert areas (Middle East, United States, North Africa), reclamation 
of inland seas (Holland) or deforestation, but this never will suffice 
to feed the rapidly increasing population of the world. The only alter- 
native is a higher yield per acre. This may be reached by using better 
producing varieties (hybrid com), virus free seed stocks (potatoes), 
fertilizers, disease resistant crops, and disease control through plant 
hygiene and tlie application of chemicals, such as fungicides, herbicides, 
insecticides, and nemab'cides. 

2. Local Famines in Past and Present 

On the basis of information in the scarce literature of ancient times 
it seems highly probable that famines as a result of rust and mildew 
epidemics on wheat were not uncommon in the Roman empire. 

The serious famine resulting from the failure of the potato crop in 
Ireland in two successive years (1845 and 1846) is so well known, that 
we hardly need mention it here. Some consequences will be dealt with 
in Section III, C of this chapter. The fungus that caused this disaster, 
Phytophthora infestans, is still responsible for lieavy losses. In some years 
it may destroy over 10% of the worlds potato crop. As tlie annual world 
production of white potatoes is estimated at 8 billion bushels, this means 
a loss of no less than 800,000,000 bushels or about 22,500,000 tons of 
valuable food. 

However, not tlie potato, but cereal crops are the most important 
ones for human subsistence throughout the ivorld, providing roughl)' 
8tt5 of man’s food. Among the cereals, the production of wheat ranks 
highest. It has been estimated that for the world as a wJjole tlic annual 
average losses caused b>' rust fungi amount to about 600,000,000 bushcls- 
In tlie center of a stem rust epidemic susceptible varieties may even 
have a >ncld reduction of 807. If no food is supplied from elsewhere, this 
may easily initiate a famine. 

A rice crop failure in Bengal due to Ilclminthosporiurn oryzac has 
actually led to famine conditions. 

Cassava, although not nearly as x-aluahle a food as rice, nevcrthch*ss 
is an important subsistence crop in the tropics. Mosaic, a vims disease, 
frequently occurring in African cassax-a, may cause a sexere resluction 
in yield. Cassava is n vegclativcly propagale<l crop and, c.g., in Ugand.^ 
it was tolallv infected with mosaic, jielding 2 tons an acre, xsliereas 
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selected virus free stocks yielded 14 tons to the acre This means that in 
the Uganda district where the virus free stock was introduced, each 
man, woman, and child now gets one extra pound of food a day (Int 
Conf Crop Protection, Fernhurst, 1951) 

The sudden outbreak of maize rust has m some areas (West Africa) 
reduced the yield by 40%, thus endangering the local food position 


3 Poisoning of Food Due to Plant Diseases 

Poisoning of man and livestock animals as a result of plant diseases 
docs not occur frequently today In the Middle Ages, however, due to 
eating ergot poisoned rye bread thousands among the poorer classes of 
^uro pe h-ive suffered terribly from ergotism or St Anthony s fire as it 
often called In severe cases of gangrenous ergotism the patients 
lose fingers, toes, or even whole limbs, the flesh gradually rotting away 
Another type called convulsive ergotism, is characterized by nervous 
syrnptoms which in severe cases led to convulsions of the whole body 
and finally various mental derangements such as epilepsy and dementia 
(13arger, 1931) 

Not before the first half of die 17th century was the cause of this 
disease discovered, that is to say it was then tliat a connection wa 
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particulaily of chevvmgs fescue (Festuca sp ) Fatal poisoning of sheep, 
cattle, and pigs has occurred m western Oregon from feeding screenings 
of this grass seed containing nematode galls (Hardison, 1953) 

Also mineral deficiencies m forage crops and grasses may lead to 
abnormalities or diseases in animals Seeds from manganese deficient 
oats fed to poultry induced cannibalism, peiosis, and bad liatching of 
eggs Copper deficiency of meadow grasses is manifested by untbrifti- 
ness, depraved appetite, anemia, and diarrhea m cattle Applying copper 
sulfate to the deficient meadow or directly to the animal causes disease 
symptoms to disappear. 

4 the English Drink More Ten Than Coffee ^ ^ ^ I 

In England consumption of coffee was about equal to that of tea 
in the middle of the 19th century (Ordish, 1952) At that time, Ceylon 
was one of the world’s greatest coffee producing countries, followed 
immediately by India, Malaya, and Java 

In 1867, a pathogenic leaf fungus, later known as coffee rust (Hcmi- 
leta vastatrix)^ was found in one coffee plantation of Ceylon This 
pathogen was spread with alarming rapidity by the monsoon winds, 
favored by the uninterrupted monoculture of coffee over large areas 
Wlnle in 1871 the average annual yield was still about 4 5 cwt 
( = 228 6 kg ) /acre it had dropped in 1878 to 2 cwt ( = 101 6 kg ) /acre 
This, for Ceylon alone, meant a monetary loss of about $5,000,000 Be- 
t^veen 1879 and 1893 exports of coffee dropped to less than 7% of the 
pre«rust epidemic shipments (see Wellman, 1953) No wonder, then, 
that Hcmilcia ended coffee growing on a large scale, not only in Ceylon, 
hut also m other East Asiatic countries “The planters (on Ceylon) were 
ruined and the Oriental Bank w'ent smash in the general confusion” 
(Large, 1946) 

After this catastrophe Brazil gradually became the mam coffee pro- 
ducer of the world Fortunately for tint countr>', coffee rust is not known 
in the Western Hemisphere, but with modem rapid transportation (here 
is always the verv’ real danger of importation, just as maize rust is now 
spreading with alarming speed all o\cr the world 

Coffee nist is also present in British East Afnca, hut there it produces 
senous losses onh' occasionally Bi spraying yyith copper and other 
fungicides, leaf fall can be reduced In 10 to 107 (Watts Pndwick. 1956) 
After shifting from coffee to tea. the Cc>lon plantations gr.nduilh 
Iwcamc profitable once more, until blisUr Miglif (hrentened (hem ngun 
Hoyycyer, yen effective chemical control measurts line lictn dt\elojH*<I 
against this disease 

Since the coffee nist dis ister, lea has liocorne much more Important 
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selected virus free stocks yielded 14 Ions to tlie acre Tins means that in 
the Uganda district ^^bcro the virus free stock was introduced, c.itli 
man. woman, and child now gels one c\tra pound of fond a day (Int 
Conf Crop Protection, Fernhurst, 1951) 

The sudden outbreak of maize nist li.is m some areas (\\'est Afnc.i) 
reduced the >ield by 40%, thus endangering the local food position 

3 Poisoning of Food Due io Plant Diseases 

Poisoning of man and livestock animals as a result of plant diseases 
does not occur frequently today In the Middle Ages, however, due to 
eating ergot poisoned rye bread thousands among the poorer classes of 
Europe have suffered terribly from ergotism or St Anthony’s fire as it 
often called In severe cases of gangrenous ergotism the patients 
lose fingers, toes, or even whole limbs, the flesh gradually rotting away. 
Another type called convulsive ergotism, is characterized by nervous 
symptoms which m severe cases led to convulsions of the whole body 
and finally various mental derangements such as epilepsy and dementia 
(Barger, 1931) 

Not before the first half of the 17lh century was the cause of this 
disease discovered, that is to say it was then that a connection was 
found between the occurrence of many large kernels (so called ergots) 
m. rye fields and the outbreak of ergotism after eatmg bread, made from 
ergot contaminated flour But it was not until the middle of the 19th 
century that the cause of the ergot-formation was identified and the 
life cycle of this parasitic fungus {Clavtceps purpurea) was unraveled 
by the well known French mycologist Tulasne He also proved that the 
ergot was the sclerotium of this fungus and not an abnormal outgrowth 
of the ovary of the rye kernel 

Less severe poisoning of man may result from eatmg bread made 
from rye heavily infected with Fusanum spp or Phtalea temulenta 
Symptoms are general weakness, vertigo, nausea, and headache 

Clavtceps purpurea is not restricted to rye, it may mfect at least 
150 different grasses and thus cause ergotism in cattle with symptoms 
similar to those described for man It frequently leads to abortion ( Hardi- 
son, 1953) ^ 

Barley seed infected with Gihberella zeae, is often found m the 
eastern and central United States It is called “scabby” gram and when 
fed to pigs. It appears to be poisonous 

Crown rust (Puccinia coronata var lohi) renders perennial rye grass 
(Lohp perenne) g^^able to sheep m New Zealand ( Cruickshank, 

The nematode Anguma agrostis is a common parasite of grass seed, 



y particularly of chewings fescue (Festtica sp ) Fatal poisoning of sheep, 
cattle, and pigs has occurred in western Oregon from feeding screenings 
of this grass seed containing nematode galls (Hardison, 1953) 

Also mineral deficiencies in forage crops and grasses may lead to 
abnormalities or diseases in animals Seeds from manganese deficient 
oats fed to poultry induced cannibalism, perosis, and bad hatching of 
eggs Copper deficiency of meadow grasses is manifested b) unthnfti- 
ness, depraved appetite, anemia, and diarrhea in cattle Applying copper 
sulfate to the deficient meadow or directly to the animal causes disease 
symptoms to disappear 

^ , V 

4 the English Drink More Tea Than Coffee ^ ^ 

In England consumption of coffee was about equal to that of tea 
in the middle of the 19th century (Ordish, 1952) At that time, Cejlon 
was one of the world’s greatest coffee producing countries, followed 
immediately by India, Malaya, and Java 

In 1867, a pathogenic leaf fungus, later known as coffee rust (Hcnih 
Ida vasfatnx), was found in one coffee plantation of Cejlon This 
pathogen was spread with alarming rapidity b> the monsoon winds 
favored by the uninterrupted monoculture of coffee over large areas 
in 1871 the average annual Meld was still about 4 5 cwi. 
(= 228 6 kg )/acre it had dropped in 1878 to 2 cut (=r 101 6 kg ) acre 
Tins, for Ce>lon alone, meant a monetary loss of about $5 000,000 Bo 
tween 1879 and 1893 exports of coffee dropped to less than 72 of the 
pre*rust epidemic shipments (see Wellman, 1953) No wonder, then 
that Hcniilcta ended coffee growing on a large scale, not onI> in Ccvlon 
hut also in other East Asiatic countries "Tlie planters (on Cc>Ion) won 
ruined and the Oriental Bank went smash in the general confusion" 
(Large, 1946) 

After this catastrophe Brazil gradinlU became tlic main coffee pro 
ducer of the world EortunateK for tint countrx’, coffee rust is not known 
m the Western Hemisphere, but with modem rapid transportation there 
IS alwaxs the xerx real dinger of importation, pist as mu^c rust is mm 
spreading witli alarming speed all oxer tlie world 

Coffee nist is also present m British East Africa hut there it prixlucts 
serious losses onlx occasionalK Bx spraxing with copper am) otlur 
fungicides leif fall c-m Iw reduced h\ 10 to 407 (Watts Padwick. 1950) 
After shifting from coffee to tea the Cexion plmfaffnns gridutlh 
l)ecarne profitable once more*, until blister bligbt tliri ifemal ihem ainm 
1 low ex t r. X erx effeclix e chemic-il ctnitnil me isures h i\ e Kh n df xi lojvd 
agunst this disease 

Since the coffee rust disistcr. It t has IxToine much mo'e iriip<irt int 
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m Great Br.tam and Ireland While coffee and lea consumption were 
about equal in the middle of the last centurv there is now a 6 1 ratio 
in favor of tea (Ordish, 1952) Tliat the British did not import coffee 
from Brazil on a largo scale hut changed their drinUng liahits, is 
probably due to the Javorablc trade relations CMStmg the BntisU 

Empire and iii more recent times, lictwecn the pirtners of the Com- 
monwealth 


5 Development of Chemical Industries, Diistm^i and Sprflpmg 
Equipment Ttrms, and Spraying Contractors 

Especially during and after the Second World War the number of 
potent crop pesticide products increased tremendously It is esti- 
mated that the annual world sale of these products amounts to approM- 
mately $280,000 OQO at wholesale prices, or an on-farm value of $420,- 
000,000 (Ordish, 1952) How much of this money is spent for fungicides 
IS not known But also without this knowledge it will be clear that many 
people find a living in the production, distribution, and sale of such 
chemicals 

In Section II B, 10 of this chapter a short survey was given of the 
newer types of machines developed for the application of pesticides 
Like the chemical plants, the machine manufacturers employ many 
people 

For the designing of new sprayers, blowers, and dusters and for 
the search for new fungicides, insecticides, etc, industrial firms have 
invested large sums m laboratories, their staff, and equipment 

Spraying, especially with the more poisonous chemicals, must be done 
with great precaution and skill and can best be earned out by specialists 
As a result more and more acres are treated by contract sprayers 

A special kind of contract spraying is earned out by aerial spraying 
companies, well known for instance from locust campaigns in the Middle 
East and elsewhere This type of spraying is suitable only for larger 
areas and m most countries where it is employed its use is limited to 
insect control, weed control, or the aenal application of fertilizers Re 
cently it became clear that fungicides could also be distributed success- 
tully this way, e g , on potato fields for the prevention of late blight 

6 Potential Dongers m the Use of Poisonous Chemicals on Food Crops 
• Many of us look with growing concern at the chemical warfare 
which fanners and horticultunsts are forced to wage today against 
insects and diseases if they want to secure their share in the markets 
and make a success of their chosen profession ’ declared F T Wahlen 
of the Food and Agriculture Organization, m an address at the opening 
session of the 7th International Botanical Congress (1950) 
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It is in a way g ratify ing for the plant pathologist that the fungicides 
he prescribes are, generally speaking, far less poisonous to man and live- 
stock animals than many modem insecticides and weed killers. 

But some fungicides, such as organic mercury compounds, can also be 
dangerous for public health when used as foliage sprays. They remain 
on the leaves and young fruits for weeks, are easily absorbed by the 
waxy layers of the fruit skin and may persist there until after harvest. 
Because they are cumulative poisons, Public Health Authorities in most 
countries do not allow even traces of mercury residues on fruits and 
vegetables. This practically will prohibit their use as foliage sprays, e.g., 
against apple scab, where they have certain advantages as eradicants. 

Whether or not a neiv pesticide will be accepted for general use, 
therefore, depends not only on its effect against the noxious organism, 
but also on its toxicity for man and livestock animals. This is investi- 
gated in many countries by Public Health Institutes and approval or 
disapproval is finally decided by such organizations as the Food and 
Drug Administration (United States) or by special Committees in which 
both Public Health Administrators and Officers of Plant Protection 
Organizations participate (England and Western European countries). 

Danger for the consumer can be reduced to acceptable limits by 
either prohibiting the use of certain chemicals or by restricting their 
use to certain periods. Although there have been some incidental cases 
of poisoning of consumers none is known to have been fatal. 

The man who applies the chemicals to the crop runs more risks, but 
if he is careful and keeps to the instructions given he need not be 
worried too much. 

Adverse effects on livestock animals have been observed, e.g , if spray 
drift brought arsenic weed killers on adjacent meadows. 

A danger of quite another type is poisoning of the soil by too fre- 
quent uses of pest control chemicals. Up to now this has been observed 
in orchards in western United States where manifold applications of 
arsenic insecticides made replanting of apple trees impossible. Arsenic 
compounds used as weed killers may poison arable land. Oats soutj 
after such treatments of a previous crop have shown a marked reduc- 
tion in growth and yield. 

Too frequent spraying of copi)er fungicides on the foliage of crops 
has also resulted in unfavorable effects on plant growth. 

C. Plant Pathology and Human History 

Plant diseases never Iiad such a direct bearing on human history as 
those epidemic diseases of man in which insects played a major role. 
“Applied cntomolog>' and human histor>” therefore %sould >^cld more 
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What happened m ancient times we do not know It is quite possible 
that famines resulting, for instance, from losses of wheat by rusts ha\c 
had influence of histone importance 

In more recent times the most striking cvample of how a plant dis- 
ease may influence history is the case of the great famine in Ireland 
toward the middle of the last century In 1845 and 1846 late blight 
almost wiped out the whole potato crop in that countr> This together 
with the very backward social and political situation not only led to 
the Irish famine and the emigration of hundreds of thousands of Irish- 
men to the United States, hut also U was a decisive factor m the sub 
sequent social and economic policy in Ireland itself It ultimately led 
to the separation of Ireland from the United Kingdom 

The Irish famine has greatly stimulated research in the field of plant 
diseases and may be seen as the start of the modem era of plant pathol- 
ogy, which since has yielded so many results of great economic and 
social importance 

Epidemics of plant diseases in the tropics have often had political 
repercussions especially if the threatened crop is the one of greatest 
economic importance to the community A typical example is the swollen 
shoot disease of cacao, reducing the production in the eastern region 
of the Gold Coast from 128,000 tons in 1936-37 to 47,583 tons in 
1951-52 In some areas production was reduced by as much as 80J? In 
1933 there were about 50 000,000 infected trees By cutting out the 
diseased trees the rural industry of the Eastern Province of the Gold 
Coast was upset and the expensive cutting out program has had serious 
political repercussions (Watts Padwick, 1956) 

Good control of plant diseases is essential for the maintenance of a 
better standard of living especially m the underdeveloped countries 
Thus by helping to increase the worlds food supplies, plant pathol 
ogists may have some influence on human history m underdeveloped 
regions It must be admitted however that this influence will only be 
very small as long as the people of such regions do not wholeheartedly 
cooperate in our fight against plant diseases and insect pests 
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of plant diseases In the Old Testament, blasting mildeu and insect 
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scourges of nronV-md (Gen 41 23. Deut 28 22, I K.ng, S 37. II Cljron 
6 28, Amos 4 9, Hat; 2 17) Fossil fungi tlionglit to be ik irly 2.(K)U,* 
000000 years old have been found in pre Cambrian clicrts (Tjlcr and 
Barghoorn 1954) Seward (1931) stales lint ‘from tbc De\ontan period 
onward and oven from a more remote age tbcrc ucre parasitic and 
saprophytic fungi There can be little doubt that plant diseases long 
preceded man on earth and that, as lie dca eloped a subsl.mtial agricul 
ture far back of recorded Iustor>, thc> look their toll of bis crops 

I The BtciNMNGS oi Botaw 

Theophrastus of Eresus, who liscd from 370 to about 286 nc, uas 
the first great botanist of whom convincing records arc known (Greene, 
1910, Hort translation 1916) With Aristotle, he was a student of Plato 
Later, he was a student and junior colic igue of Aristotle, who be- 
queathed him his extensive library and botanic garden at Athens Tbeo- 
plirastus conducted a school of about 2000 students Although be com 
passed the whole field of learning of his day, he devoted much time and 
interest to botany He is reported to have written 227 treatises, of wlncli 
about one twentieth dealt with botany He brought together and greatlv 
extended the botanical knowledge of bis time IIis ‘Histona plantnrum” 
has been reviewed by Greene, who lists 19 outstanding contributions 
The following excerpts from Greene’s review illustrate their scope and 
importance 

“He distinguished the external organs of plants, naming and dis 
cussing them m regular sequence from root to fruit He classified 
such organs as (a) permanent, and (b) transient He divided the 
plant world into the two subkingdoms of the flowering and the flower 
less The subkingdom of the flowering he again saw to be made up 
of plants leafy flowered and capillary flowered, really the distinction be- 
tween the petahferous and the apetalous He indicated the still more 
important differences of the hypogynous perigynous and epigynous 
insertion of corolla and androecium He distinguished between the 
centripetal and centrifugal in inflorescences He was the first to use 
the term fruit in the technical sense, as applying to every form and 
phase of seed encasement seed included and gave to carpology the term 
pericarp He classified all seed plants as (a) angiosperms and (b) 
gymnosperms He classified all plants as tree, shrub half shrub and 
herb Theophrastus with natural vision, unaided by as much as the 
simplest lens, and without having seen a vegetable cell yet distinguished 
clearly between parenchymatous and prosenchymatous tissues even 
correctly relating the distribution of each to the fabrics of pith bark 
wood, leaves, flowers and W This list of facts wheh Theophrastus 
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saw, and in tlie mam discovered, is not complete, but it embraces well- 
nigh all the first rudiments of nhat even today is universal scientific 
botany” This work is the foundation for Theophrastus’ great reputation 
as the “Father of Botany ” 

In dealing with trees, cereals, and pulses, Theophrastus wrote briefly 
of their diseases His approach was observational, deductive, and specu- 
lative, rather than e\-perimental and inductive In his treatment of plant 
diseases, lie appears to have relied heavily on observations made by 
others, and some \\ idely held erroneous beliefs of his time were passed 
on \\ ithout challenge The result was a mixture of keen observations and 
logical deductions with numerous errors of observation and interpreta 
tion Tlie following quotations from the Hort translation are illustrative 

Under the heading ‘Of diseases of cereals and pulses and of hurtful 
winds,” he wrote As to diseases of seeds — some are common to all, as 
rust, some are peculiar to certain kinds, thus chick-pea is alone subject 
to rot and to being eaten by caterpillars and by spiders, and some seeds 
are eaten by other small creatures Some again are liable to canker and 
mildew, as cummin But creatures wJnch do not come from the plant 
itself but from without [italics added] do not do so much harm, thus 
the kantharis is a visitor among wheat, the phalangton m vetches, and 
other pests in other crops 

“Generally speaking, cereals are more liable to rust than pulses, and 
among these barley is more liable to it tlmn wheat, while of barleys some 
kinds are more liable than others, and most of all, it may be said, the 
kind called ‘Achillean ' Moreover, the position and the character of the 
land make no small difference m this respect, for lands ivhich are 
exposed to the wmd and elevated are not liable to rust, or less so, while 
those that lie low and are not exposed to wmd are more so And rust 
occurs chiefly at the full moon 

Theophrastus’ vie^vs on spontaneous generation are of special interest 
In his ‘De causis plantarum, he slated (see Theophrastus Dengler 
translation, 1927) ‘Seed, it is agreed, mav be secured from all plants 
in general, but because it is not used by husbandmen in the case of 
some plants, since the> groiv more quickly of their own accord, and 
because it is difficult m some plants, be they woody or herbaceous, to 
get the seed, there are some who think tliat not all plants come from 
seed As was said, however, in the Historia, the possibility of such 
growth IS quite evident even in figs In still other manners do plants 
come into bemg, as for example spontaneously, that is by conflux and 
decay, or even bv more natural change that takes place [transmutation] 

“Now it IS dear that reproduction from seed is common to all plants 
If some of them have both wavs of reproduction, namelv, b> spon- 



mSTOR'i OF PL.ANT PATHOLOCl 


65 


tona naturalis” included sections on plant diseases that contain virtually 
all that Tiieophrastus wrote on these subjects, with fragments from other 
sources 

From the 5th century a d until the Renaissance there was a paucity 
of mtellectual activity, and little was written on botany or plant pathol- 
ogy Writing about plant pathology of that period, Whetzel (1918) states 
that one bright spot in the all but universal darkness was the work in 
the 10th century of an Arabian landed proprietor, Ibn alrAwam, who 
was said to have described accurately the symptoms of many diseases 
of trees and of the vine and to have given extensive consideration to their 
control The references cited by Whetzel have not been available to the 
present writer 

III The Renaissance, the Discoxtby op the Western Hemisphere, 
AND the Beginnings of Modern Botany 

Development of modem plant pathology had to await a suflBcient 
foundation in botany and other sciences from which it derives This, in 
turn, had to await a change in intellectual climate that would make it 
possible to break the bonds of scholasticism, dogma, and inertia and to 
initiate free inquiry into natural phenomena Beginnings of the intel- 
lectual awakenmg of the Renaissance m Europe in the 14th century 
heralded this change As the Renaissance progressed there was a general 
quickenmg of activities in all fields Printing, which had been intro 
duced into Europe in the middle of the 15th century, greatly facilitated 
leammg, and the discovery of the Western Hemisphere several decades 
later opened prospects that fired men's imagination and spurred their 
activity Science shared with the arts, literature, and commerce m a 
great forward movement and Christian religion underwent the Reforma 
tion Although release from authoritarianism came slowly and painfully, 
the movement was on its way and the beginnings of modem science 
were in the making 

The beginning of a revival of interest in botany is reflected m the 
writings of the “herbalists ” Greene (1910) has given an excellent account 
of the lives and works of four 16th centur\ ‘German Fathers’ of this 
revival Otto Brunfelsius, Leonhardus Fuchsius, Hieronymus Tragus (or 
Bock), and Valerius Cordus Hie first tlirce named were clergymen and 
all were doctors of medicine Cordus was a brilliant young scholar who 
died at the age of 29 on a botanical expedition Greene states “Brunfels 
and Fuchs busied themselves almost wholly with medical botan> It is 
a rare thing with either of them to mention a plant of tinknowTi or eien 
uncertain medical or alimenlarj qualities, and their plant descriptions 
arc almost as uniformlv either compiled or literally copied from autliors 
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of centuries or even almost thousands of years before them The boohs 
of Tragus and Cordus abound m new and original descriptions These 
demonstrate that these two men examined plants with their own eyes, 
and for the love of them as plants, and they saw many things about the 
structure and the behavior of them to which the other two men, an 
even all botanists before them, had been blind ” This 16tb century work, 
which was done largely m response to the urge of medicine, aroused a 
new interest in botany and added to the foundations for the great 
movement m description, naming, and classification of plants that was 
to be the first step m the development of modem botany 

The development of modem science received a stimulus from the 
writings of Sir Francis Bacon Although not himself an active scientist, 
Bacon (1605) clearly saw the limitations of the primarily deductive and 
speculative methods of the Greeks and Romans and of the scholasticism 
and authoritarianism that had enveloped and bound learning during the 
Dark and Middle Ages He called vigorously for the use of inductive 
methods and for the development of institutions and facilities for free 
inquiry and for the advancement of learning m all fields (cf Wold, 
1848) 

The great pioneering discoveries of modern science were largely the 
work of amateurs, who also took a major part in developing one of the 
great aids to science, the scientific societies One of the oldest and most 
important of these is The Royal Society of London An outgrowth of 
informal meetings of men with common scientific interests and enthu- 
siasms, beginning about 1645, the Royal Society of London was more 
formally organized in 1660 and received its first charter from Charles II 
in 1662 (Weld, 1848) Communication to this Society was one of the 
most important channels for reporting the great discoveries that set 
modem science on its course 


Although amateurs played a major role in making these great early 
discoveries, they did not do this single-handed Their contributions were 
made possible, m large part, by the legacies from scholars of antiquity, 
b> the custodianship of learning by the Church m the Dark and Middle 
Ages, and by the rise of the universities m Europe 

The development of optical apparatus in the 17th century opened a 
neu era m science With extended vision, Galileo could look outward 
through his telescope and reveal a new cosmos and the early microscop 
ists could look inward and discover a new world of the “infinitely small ” 
Robert Ilookt (1665) improved the compound microscope and saw that 
sections of rark .md of other plant tissues nero made up of minute units 
tliat he named cells Marcello Malpighi (1675-79) of Italy and Nelie- 
miah Grcn (16S2) of Engl.ind, both pliysicians and amateur microscop- 
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ists, independently and virtually simultancouslv laid the foundations 
of minute anatomy of plants so Mcll that their work was not surpassed 
for a hundred )ears Anton> \an Leeuwenhoek, a Imcn draper, surveyor, 
wme-gauger, and Chamberlain to the Slicnffs of Delft, Holland, ground 
the finest simple lenses of his time as an avocation, discovered bacteria 
(in 1675-76) and many other microorganisms, and opened up a great 
new science of microbiology' (Dobell, 1932) All these men, except Gal 
ileo, reported their findings to the Royal Society of London, of which 
f^oke was Curator and later Secretary Stephen Hales (1727), an Eng 
lish clergyman and a rdlow of the Ro}al Societ)', laid a foundation for 
modem plant physiology with his ‘Vegetable Staticks' He was a careful 
experimenter y%ho studied ospcciallv sap movement and plant nutrition 
While these new fields were being pioneered, the chief botanical activity 
continued to be describing, naming, and classifying plants The pioneer 
mg stages of this movement culminated m the work of Carolus Linnaeus 
(1753) who, drawing heavily on the work of his predecessors, estab 
hshed the modem binomial system for plants and animals The son of 
a clergyman, Linnaeus studied theology but turned to medicine and 
botany He was Professor of Botany at the University of Uppsala from 
1741 to 1778 His genius was for description and classification of higher 
plants, and his work is the starting point for nomenclature of this group 
Great as his contribution was to taxonomy, Linnaeus accepted the doc 
trines of special creation and fixity of species Along with Hooke Grew, 
Hales, and most of the naturalists of his time he believed with the 
ancients that small organisms could arise de novo 

As the foundations of modem botany were laid, similar advances were 
made m other fields of science, and at last the time was ripe for the 
begmnings of a modem science of plant pathology 

IV The Development of the Germ Theory of Disease in Plants 
Knowledge of causation is the key to imderstanding disease Knowl 
edge of the pathogenic role of microorganisms is a key to understanding 
both infectious and nonmfectious diseases, since it is essential for sep 
arating tlie effects of pathogens from those of the environment There 
fore, the establishment of the concept that microorganisms can incite 
disease in plants became the primary foimdation of plant pathology, the 
various branches of which are largely outgrowths from this fundamental 
thesis 

A Experimental Proof of Reproduction ui Fungi 
The first great step toward establishment of the germ theory of dis 
ease, after the development of the microscope, was the experimental 
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proof that fungi are autonomous organisms that reproduce by means of 
seedhke bodies, rather than capricious products of spontaneous genera- 
tion Buffer (191S) has given a valuable account of this important 


advance j ^ 

Porta (1588) saw the black spore dust of mushrooms and stated that 
It was their seed, but he had no proof Robert Hooke (1665) saw 
and figured teliospores of a Phragmidium taken from yellow spots 
on leaves Buller states that this is the first illustration of reproduc- 
tive bodies of a fungus Hooke, however, thought these spores were seed 
pods rather than seeds He believed that the fungus initially arose spon- 
taneously but might produce seeds for its further propagation Malpighi 
(1675-1679) also figured fungus spores, but regarded them as florets 
of an inflorescence, rather than as seeds He thought, but did not prove, 


that fungi grew from seeds or fragments of themselves, rather than that 
they arose by spontaneous generation Joseph Pitton de Toumefort 
(1705), a prominent French botanist, confidently expressed the view that 
fungi could reproduce by means of eggs or seeds and cause the danger- 
ous moldiness disease of plants in humid greenhouses in winter He 
thought humidity hatched the fungus eggs or seeds m minute crevices 
in plant surfaces, much as happens in moldiness of leather in cellars 
He recommended keeping greenhouses drier to prevent moldmess Thus, 
he clearly foresaw first, that fungi are autonomous organisms, rather 
than capricious creatures of spontaneous generation, and second, that 
they can incite disease in plants However, he lacked the proofs, which 
Micheli was later to produce for the first great proposition and Provost 
for the second 

Pier' Antonio Micheli (1729) was born in Florence, Italy, in 1679 of 
parents of limited means Largely self educated, he acquired an exten- 
swe knowledge of plants and was appointed botanist to the Grand Duke 
of Tuscany and placed in charge of the public gardens of Florence His 
major work, ‘ Nova Plantarum Genera.” published m 1729 with financial 
aid of patrons, including Hans Sloane, President of the Royal Society of 
London, dealt mainly with higher plants but included his work on fungi, 
for which he is chiefly remembered Micheli studied many fungi micro 
scopically and identified tlieir seeds He conducted an ingenious senes 
of experiments with species of agarics, Mticor, Botrytis, and Aspergillus 
to test the reproductive ability of their “seeds ” He scattered “seecTs” of 
the agarics on dead leaves which he incubated on selected sites m the 
Moods, and cultured those of the other fungi on freshly cut surfaces of 
melons, quinces, and pears He varied the environmental conditions of 
the experiments, made replications and repetitions, and provided non- 
inoculated controls Tlio expenmcnls with fruits gave clear cut and con- 
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vincmg results The “seeds” consistently produced crops of tlieir own 
kind He attributed the few aberrant growths on seeded or control sur- 
faces to air-borne spores that chanced to fall there He figured spore 
clouds arising from Lycoperdon nnd Fttngoides {^Peziza) and clearly 
understood that spores floated in air Thus, he took one of the first great 
steps toward the overthrow of the theory of spontaneous generation, it 
remained for Pasteur nearly a century and a half later to take the last 
A modest and devoted scholar, Micheh died unmarried at the age of 57 
of an illness contracted on a botanical expedition Although his great 
contribution to mycology and microbiology was neither appreciated nor 
widely accepted in his time, he was famous as a botanist and beloved 
as a man It is fittmg that he was interred in the Church of Santa Croce, 
where lie the remains of many of Italy’s great sons 

B Cxpenmental Proof That Bunt of Wheat Js Contagious 

The next major advance toward establishment of the germ theory of 
disease was Tillet’s (1755) experimental proof that wheat bunt is con 
tagious and that it can be partly prevented by seed treatments Mathieu 
Tillet, an amateur experimenter, was bom in Bordeaux, France, about 
1714 Little IS known of his early life or education For a time he was 
Director of the Mint at Troyes In well replicated and controlled plot 
experiments over a period of three years, he proved conclusively that 
application of the black dust from bunted wheat to seeds from bun t free 
plants greatly increased bunt in the crop they produced and that certain 
seed treatments, especially with a s altpe ter solution and lime, partly pre- 
vented the disease He did not realize, however, that bunt is incited by 
an organism He ihcrught the black dust contained a poisonous principle 
that could be partly antidoted The brilliant design of his plot experi- 
ments would be highly creditable today He was awarded a prize by 
the Royal Academy of Literature, Science, and Arts of Bordeaux for his 
Dissertation 

Tessier (1783) a prominent French agriculturist, repeated some of 
Tillet s experiments on bunt of wheat and conducted others of his own 
He also studied several other diseases of cereals He confirmed Tillet s 
results on the contagious nature of bunt He reported that the bunt dust 
placed on the ‘germs” of wheat seeds resulted in a greater number of 
diseased plants than when placed on other parts of the seeds He thought 
that treating seed wheat with extracts of bunt dust increased bunt He 
conducted many seed treatment tests for prevention of bunt, using 
chiefly hme, alone in water or with various materials added He also 
employed several mechanical methods for partial cleansing of the seed, 
including washing with water His results, which were carefuj]> com 
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piled, indicated partial control from many treatments, but no sure and 
satisfactory control He thought that reduction of hunt was due to 
reaction of the lime with the oily poition of the bunt dust He did not 
recognize the pirasitic nature of bunt, and concluded that the cause 
of the disease was unknown He thought that soil moisture played a 
mijor role in the de\elopment of ergot of rye and that mists seemed to 
be the cause of rust of wheat, probably because of checking transpiration 

C A Period of Classificatton of Plant Diseases and 
Speculatton on Their Causes 

With the Revival of Learning, the budding science of plant pathol- 
ogy, like botany and zoology, entered a long period dominated by 
observation, description, classification, and speculation The widely ac- 
cepted concept of spontaneous generation and the dogmas of special 
creation and fixity of species were firm barriers to progress There was 
also a strong tendency to distort descriptions and classifications to con 
form with the theories and terminology of medicine Because of igno 
ranee of the nature and causes of infectious diseases, confusion was 
compounded and the first great advances toward establishmg the germ 
theory of disease were nearly lost 

A few writers who participated in this movement, however, did not 
accept the idea of spontaneous generation De Toumefort (1705) was 
one of these He divided plant diseases into two classes, the first due 
to internal causes and the second to external causes He listed as internal 
causes too much sap, too little sap, bad qualities acquired by sap, and 
unequal distribution of sap to diflFerent parts of plants Special interest 
attaches to his class of external causes, in which he included hail, frost, 
moldiness, plants hatched on other plants, insect injuries, and wounds 
A clear cut category of parasitic diseases was introduced here for the 
first time, but without adequate experimental foundation 

Hales (1727), writing of hops, stated that ‘ stagnating sap cor 
mpts, and breeds moldy fen, which often spoils vast quantities of flour- 
ishing hop grounds ” He thought the seed of the mold might cause 
infection of the hops in successive years 

The prominent French botanist. Adanson (1763), followed de Tour 
nefort m classifying plant diseases in two mam groups, one attributed 
to internal causes and the other to external causes He thought that 
mildcM, rust, and smut diseases were emsed by impeded transpiration 
and regarded the associated fungi as products of the plant sap He 
thought that die blach dust of bunt, winch he likened to the powder of 
Lycoperdou, rsas a secondary and perpetuating cause of this disease 
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In 1766, gram rust occurred with great severity in Italy and was 
studied independently by ^vo distinguished Italian scientists, Felice Fon- 
tana (1767), a brilliant professor of physical and biological sciences, 
and Giovanni Targioni-Tozzetti (1767), a prominent physician and 
botanist, who was the successor of Micheli On tlie basis of careful 
microscopic examinations, both of these men concluded that the cereal 
rust diseases were caused by microscopic parasitic plants Although their 
observations and interpretations were remarkably advanced for the 
time, experimental proof of their thesis was lacking 

In 1773, John Baptiste Zalhnger (Sorauer, 1909), a professor of 
natural history at Innsbruck, Austria, went to an extreme in attempting 
to follou' medical concepts and terminology He was strongly of the 
opinion that fungi associated with plant diseases are products of the 
diseased plants, rather than causes of the disease 

Johann Christian Fabncius (1774), a Danish professor and a devoted 
student of Lmnaeus, placed plant diseases in an elaborate system of 
classes, genera, and species Probably because of the mfluence of Lin- 
naeus, he was equivocal and far less advanced than de Toumefort and 
his followers, with regard to fungi as causes of plant diseases He ex 
pressed the belief that the cause of rust and smut of cereals ‘is one and 
the same” After calling attention to the belief of Lmnaeus that black 
smut powder soaked in water for some days turns into small worms 
which are the true cause of smut, he states ‘A kind of movement is 
ahvays observable when the black powder has been saturated, whether 
this is due to something animal, to something organic, or whether indeed 
it IS the cause and not the effect of smut, is not absolutely certain How- 
ever, certain it is that the causes and symptoms of smut can never be 
better explained than by assuming something organized to be the 
cause ” 

The last major attempt to classify plant diseases without knowledge 
of the true causal role of microorganisms was made by Fihppo Re (1807), 
Professor of Botany and Agriculture at the University of Modena Ital>, 
m a treatise on diseases of plants He divided plant diseases into classes 
and genera according to symptoms and supposed causes Like so man) 
of his predecessors, lie was much influenced by medical concepts and 
terminology Howe\ er, he included a class of “mdetexminate diseases ” Of 
this class, m which he placed the rust and smut diseases he WTOte ‘I 
have thus designated those diseases whose origin is either entire!) tin 
knowm, or deduced from observations contradictory in themselves, or 
from hypotheses which, howev'er brilliant, have no real foundation” 
After this excellent statement, he discusses the opinions of sexeral prom 
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ment writers on the cause of rust diseases and adds his own, which he 
summarizes as follows “All this would lead me to lay down that the 
cryptogamic plants, the minute msects, or the exudations, whether dry 
or not, are rather symptoms of the disease itself, which is a result of 
excessive vigour or over repletion 

D Early Development of Mycology 
The development o£ mycology was highly essential to progress m 
plant pathology Beginning with the work of Linnaeus (1753), mycology 
entered a dominantly taxonomic period Although Lmnaeus worked but 
little with fungi, he made an important contribution to mycology by 
including them m his Latm binomial system His work is the starting 
point for modem nomenclature of the Myxomycetes and lichens Pierre 
BulUard (Bulbard and Ventenat, 1809-12)» a talented French botanist 
and mycologist, wrote a major book on mycology, “Histoire des cham- 
pignons ’ This work was published in part, beginning in 1791, the second 
tome was completed by Ventenat after Bulbard s death and the complete 
work nas published in 1809-12 Bulbard recognized four orders based 
on the position m which the “seeds” were borne He used colored illus- 
trations, which he prepared The foundations of modern classification 
of fungi were laid chiefly by Persoon and Fries Christiaan Hendrik Per 
soon, a native of South Africa, was educated in Germany and Holland 
and did most of his work m France Although a doctor of medicine, he 
devoted most of his time to the study of fungi His ‘ Synopsis methodica 
fungorum” (1801) is the chief basis for all later classifications of fungi 
and IS the starting point for the nomenclature of the Uredmales, Ustil 
aginales, and Gasteromycetes He thought that some fungi arose spon 
taneously and that some grew from spores He regarded smut fungi as 
products of the diseased plants Elias Magnus Fries, son of a Swedish 
clerg>Tnan, was Professor of Botany, first at the University of Lund and 
later at Uppsala, uhere he succeeded Linnaeus His monumental “Sys- 
tema mjcologicum’ (1821-32) was designed to include all the fungi 
then known It is the starting point for the nomenclature of all groups of 
fungi except those tint start with the work of Linnaeus or Persoon Fries 
regarded the rust and the smut fungi as products of the diseased plants 
Among mim other prominent early mycologists were Nees von Esen- 
hcck (181G-17) of Germany, xon Schwcmitz of the United States of 
America (1822), UxciUc <1837, 1846, 1851) of France, Corda (1837- 
51) of Bolicmia, and Berkeley (1857. 1860) of England Although early 
concentration on ta\onom\ undoubtedly delayed progress in other 
aspects of mycologi, it fumishcd an essential basis for further develop- 
ment of the science 
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E Experimental Proof That Bunt of Wheat Is Incited by a Fungus 
and Can Be Controlled by a Fungicide 

In tlie same year in winch Tillet published his eAperimental proof 
that bunt of wheat is contagious, a child was bom who, a half century 
later, was to furnish brilliant proof of the cause of this classical disease 
and a sure method for its prevention Bom in Geneva, Switzerland, 
August 7, 1755, IsaaC'B^nedict Prevost (Prevost, P, 1820) came of an 
old intellectual family His early education was very irregular At the 
age of 22, after trying two apprenticeships, he became the tutor of the 
sons of M. Delmas of Montauban, Departement du Lot, France After 
2 years of intensive self-education at Montauban, he announced the 
intention of devoting himself entirely to his studies His early interest 
was chiefly in mathematics, physics and natural history dominated later 
At Montauban he was affiliated with I’Academie du Lot, of which he 
was a founder He was elected to several other learned societies in 
France and Switzerland and was friend and correspondent of many of 
their distinguished members In 1810 he accepted the chair of philosophy 
at the newly founded Faculte de Theologie protestante at Montauban 
He filled this position with distinction until his death at the home of 
M Delmas on June 10, 1819 

Benedict Pr4vost published more than a score of papers on physics, 
chemistry, biology, and philosophy His most important contribution 
was his “M^moire sur la cause imm^iate de la cane ou charbon des 
bl6s, et de plusieurs autres maladies des plantes, et sur les pr^servatifs 
de la cane” (1807), which was based on studies undertaken at the invi- 
tation of TAcademie du Lot In this memoir, Prevost clearly showed 
“that the immediate cause of bunt is a plant of tlie genus of the uredos 
or of a very nearly related genus ” As far as the present ivriter is aware, 
this work contains the first recorded adequate experimental proof and 
mterpretation of the role of a microorganism m the causation of a dis- 
ease This discovery of the cause and a means of prevention of bunt of 
wheat gave to the world a key to understanding the causation and the 
prevention of all infectious diseases, it, therefore, ranks high among the 
great pioneering advances m science (American Phytopathological So- 
ciety, 1956, Keitt, 1956) 

Founded upon accurate and well controlled experimentation over a 
10-year period, Prevosts essential findings stand unchanged He gave 
an accurate and detailed description of the symptoms of bunt in its 
various macroscopic stages of development. He suspected and proceeded 
to prove that the “globules” in the bunted kernels were “gemmae” or 
spores of a cryptogam He described and illustrated these spores in detail 
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md made extensive studies of their germination and of the development 
of the ‘bunt plant” m relation to tune, temperature, substrata, toxic 
agents, age and previous treatment of the spores, and concentration of 
spores Having concluded that he was dealing with a microscopic plant, 
lie proceeded to prove by extensive inoculation experiments that it is the 
immediate cause of bunt and to ascertain conditions that favor or 
hinder infection He pointed out that the vegetation of this plant, as 
well as that of a majority of the uredos, begins m the open air and is 
completed m the interior of the plant that it attacks,” suggesting for 
such organisms the general denomination of internal parasitic plants ’ He 
observed germinated spores of the bunt organism in the soil and on the 
surface of wheat seedlings grown in infested soil Although he did not 
succeed in observing the mode of penetration of the bunt fungus into 
the wheat plant or its growth to the wheat embryo, he correctly sur 
mised that some ramifications of the bunt plant must penetrate into the 
very young wheat plant and later insinuate themselves into the embryo 
and fructify He observed fructification m the embryo and germinated 
the spores In extensive and refined toxicological studies, he found that 
certain copper salts, distilled water in which metallic copper had been 
loft, and \arious other substances m solution would prevent germination 
of spores of the bunt fungus He critically distinguished injurious and 
inhibitory from lethal effects and experimented extensively on relations 
of concentration of the toxic agent, time, and temperature to toxic effects 
On the basis of this information and of his extensive knowledge of the 
disease, he experimented on prevention of bunt He made suitably con- 
trolled field tests m which inoculated seed wheat was planted after 
haamg receded \arious treatments Spores of the bunt organism from 
treated seed uerc tested for germination, and data were taken on the 
deiclopmcnt of the disease on the uhcat groivn m the field from the 
experimental seed Excellent control of the disease was obtained by 
sleeping the seed uheat m a copper sulfate solution, and detailed prac- 
tical recommendations Mere made for large scale seed treatment 

Prtiost’s Mork. mIucIi was remarkably comprehensive and well cor- 
nlatccl, laid a firm foundation for nearly all branches of modern plant 
patholog) He del eloped methods for obtaining virtually pure cultures 
of spores of the bunt fungus and for keeping them free from contamma- 
lion b> air-l)ome reproductive bodies of other microorganisms He ex- 
pressed his dislichef m spontaneous generation He regarded the hunt 
pilot as the “immidnle” or “direct,” rather than tlie sole cause of bunt 
iH-cause he clcirh proved lint the fungus can incite the disease onl> 
under sufficunlK favorable conditions He thus recognised the condi- 
tioning or stcondarv causal rclalionship of environment 
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Prevost’s great contribution was le/ected by tlie academicians whose 
views be bad so brilliantly refuted He was too far ahead of his time 
The autogenetic theory of disease was dominant in places of authority 
When his memoir was submitted to the Acad^mie des Sciences at Pans 
for evaluation, it received an adverse report (Prevost, P , 1820) Prevost’s 
work, however, was never entirely overlooked, and it undoubtedly had 
an important influence on later work The memoir was well reviewed in 
at least two popular journals and the method of seed treatment became 
widelv used without benefit of academic approval The memoir was also 
cited in botanical literature, but chiefly from reviews smce the original 
was very inaccessible Of special importance was the extensive reference 
made to it by the Tulasnes (1847), with everv evidence of confidence 
in the work and acceptance of its essential conclusions Such treatment 
by the leading mycologists of the time brought Prevost’s work into 
conspicuous attention Thereafter, he was widely cited for the domin- 
antly mycological findings that they emphasized but his major contn 
bution continued to lack recognition Nearly a half century had to elapse 
before the ivorld was ready to accept Prevost’s major thesis 

F Retarding Influence of the Autogenetists 
The autogenetic theory of disease continued to be dominant through 
out the first half of the 19th century Among its most influential pro- 
ponents at this time were Unger, Meyen, and Liebig Franz Joseph 
Andreas Nicholas Unger was an Austrian physician and an eminent 
professor of botany Although primarily a plant physiologist, he devoted 
much study to plant diseases His best known work on plant pathology 
was his “Exantheme der TBanzen” (J833) He thought that fungi asso- 
ciated with plant diseases arose from the diseased plant because of 
abnormalities m the plant juices, and were, therefore, products rather 
than causes of disease Franz Julius Ferdinand Meyen was a physician 
and a brilliant young Professor of Botany at the Universitv of Berlin He 
wrote on many aspects of botany, especially physiology and anatomy 
His most important work on plant pathology, “Pflanzen-Pathologie” 
(1841), was published a year after his untimely death at the age of 36 
Firmly wedded to the autogenetic theory, he regarded fungi associated 
with plant diseases as pseudoorganisms which resulted from abnormal 
nutrition of the plants Justus von Liebig (1853?a, b) was one of the 
most famous chemists of his time A doctor of medicine, though not 
active as a physician or biologist, he was a ver\' influential opponent of 
the germ theory of disease His ideas about the nature of disease were 
based on chemical theory, rather than experiments with diseases Ho 
held tliat fermentation, putrefaction, and contagious disease resulted 
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from an active state of atoms, and that this active state of the atoms 
of one body could he transferred to those of another body in contact 
with It Evidently much mfluenced by Hales, whose work he reviewed 
at length, he attributed the onset of the “potato disease” to stagnation 
of tlie plant juices because of suppressed transpiration and believed that 
the fungus observed on the leaves and the rotting of the tubers were 
consequences of the death of the plants An appendix reports a method 
proposed by Klotzsch (Keeper of the Royal Herbarium, Berlin), for 
preventing potato diseases It consisted of pmching off one half inch 
from all growing tips of potato branches at specified mtervals Liebig s 
great and deserved reputation as a chemist gave undue weight to his 
opinions concerning the cause of diseases Thus, preconception, specula- 
tion, and subservience to authority hindered the progress of experimenta- 
tion and open-minded interpretation 

G The '*?otato Disease” and the Irish Famine 
Devastating epidemics oE the “potato disease” near the middle o£ the 
19th century tragically dramatized the importance of plant diseases and 
greatly stimulated interest m plant pathology Much of the early litera- 
ture of this disease is found in the Gardeners' Chronicle It has been 
discussed by Jones ct al (1912) and Large (1940) The potato, which 
was introduced into Europe from South America m the latter half of the 
16th century, had become a major food crop m many countries It was 
the mam source oE food Eot the majority of the people of Ireland 
Between 1830 and 1840, the disease now lcno\vn as late blight, incited 
by P/ii/tophdiorn infcstcns (Mont ) DBy , appeared m Europe and the 
United Slates In 1845 and 1846, epidemic outbreaks virtually destroyed 
the potato crops of Europe Famine resulted m Ireland, where it is esti- 
mated that hundreds of thousands of people died because of direct or 
indirect effects of malnutrition Such a great avave of emigration followed 
that the population of Ireland was reduced by more than one fourth 
A social repercussion of the famine ^\as the repeal of the Com La\vs 
Scientists of the time ucrc unable to agree on the cause of the disease 
or to propose a successful rcmed> Tlic autogenetic theor>' of disease was 
still dominant, although the opposition was rapidly increasing Dr John 
Lmdlc>, Editor of the Gardeners' Chronicle and Professor of Botany at 
UnucTsits College, loindon, was a leader of the aulogcnetists Berkeley 
(1&J5. 1816. 18-lS), who was then the most prominent British mycologist, 
was al first soimwlnl reserstd in supporting the parasitic tlicor>% but 
c;inu- out unt‘<iui\ocall\ for it m 1810 and thereafter Von Martins in 
Gtmiin> in 18^12 appears to lii\e Ix-cn the first to desenhe the disease 
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and the associated fungus, which he thought was the cause Montagne 
m France in 1845 described the fungus as Botryhs infestans Morren in 
Belgium experimented witli the disease in 1845 He described the dis- 
ease and the fungus and regarded the fungus as the major cause of the 
malady, although he lacked convincing evidence He recommended 
spraymg tlie ground with a mixture of copper sulfate, table salt, and 
lime in water to prevent tuber rot Unfortunately, he did not apply the 
mucture to the foliage as a preventive of blight Many committees and 
commissions were formed to report on the disease and there was much 
controversy over the opposing autogenetic and parasitic theories of its 
cause The causal role of the fungus was finally proven experimentally 
by Speerschneider m 1857, and De Bary m 1861 and 1863 (Jones et al , 
1912). Not until the discovery of Bordeaux mixture, nearly 40 years after 
these great epidemics began, was an adequate control measure found 
All this time, the neglected work of Prevost contained the key to the 
solution of the problem 

H The Foundation of Modern Mycology and Acceptance of the 
Concept That Fungi Can Incite Disease m Plants 

The Tulasne brothers in France and De Bary in Germany were the 
outstanding founders of modem mycology Louis Rene Tulasne was 
educated as a lawyer but preferred botany In 1842 he was appointed 
aide naturahste at the museum of the Jardm des Plantes at Paris, where 
he worked until his health faded m 1864 Charles Tulasne, who studied 
medicine m Pans, gave up a medical career to jom in his brother’s 
botanical work Louis Rene was the leader Charles collaborated m the 
studies and prepared mycological illustrations which have never been 
surpassed m artistic quality and workmanship The Tulasnes* most im- 
portant work dealt with the rust and the smut fungi and the Ascomy 
cetes (eg, 1847, 1854, 1861-65) They made meticulous studies of 
species in various stages of development, and thus discovered poly 
morphism m fungi Their work threw a great flood of light on the 
morphology and natural relationships of fungi and on their potentialities 
as pathogens The Tulasnes (1847) referred most favorably to Prevost s 
work and accepted his concept that fungi can incite disease m plants 
Their crowning work was the superbly illustrated ‘Selecta fungorum 
carpologia ” 

Heinrich Anton De Bary, bom January 26, 1831, in Frankfurt am- 
Main, Gerni.Tny, received his M D degree from the University of Berlin 
m 1853 Preferring botany to medicine, he was appointed lecturer at 
Tubingen in 1853, where he was associated with yon Mold In 1835 he 
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succeeded Nngeli at Freiburg, and in 1867 he was called to Halle In 
1872 he became Rector of the University of Slrasshiirg, wlicre he con- 
tinued to develop his famous school until his death in 1888, in his 57tli 

^ Although mycology was ccntial in Do Bary's work, he contributed to 
many aspects of botany and was one of the most outstanding biologists 
of his time His famous ‘Untersuchungen uber die Brandpilzo” (1853), 
published when he was only 22 years old, is credited with establishing 
beyond further serious opposition that fungi are causes and not results 
of plant disease In the first two parts of this book he reported thorough 
microscopic studies of the structure and development of numerous smut 
and rust fungi, including their relationships to the tissues of the dis- 
eased plants, and discussed their systematic relationships and classifica- 
tion In the third part, he dealt with the relationships of these fungi to 
the smut and rust diseases After a thorough discussion of literature and 
of his own observations, he concluded ‘It has been shown that the 
smut and rust fungi originate not from the cell content or from the 
secretion of diseased cells and that they are not the result, but the cause 
of pathological processes He suggested destruction of diseased parts 
of plants as a method of preventing such diseases, but recognized that 
this could not always be done ‘ Hence,' he wrote, “for agriculture a 
successful result will be obtained only by seeking in the mam to prevent 
m every way the development of smut and rust fungi, and therefore as 
far as possible destroying their spores, the 'smut dust ’ This seems to be 
accomplished by means of the various corrosives which the farmers 
use for disinfection of the seed undoubtedly and indeed chiefly by 
means of copper sulfate and lime ” 

The foregoing quotation illustrates how far scholars were behind 
plant culturists in 1853 in the chemical control of plant diseases, which 
had vitally important implications that favored the parasitic theory 
Empirical chemical treatments of seeds and plants were reported by 
Theophrastus and Fliny Probably old in Theophrastus' time, such treat- 
ments were undoubtedly tried through the centuries, with little or no 
convincing evidence of success until Tillet (1755) was able to demon 
strate partial control of bunt of wheat by liming and similar treatments 
No reliable and eSective chemical control of an infectious plant disease 
was established, however, untd Prevost (1807) gave a fully rational 
demonstration and interpretation of control of bunt by treating the seed 
wheat with a solution of copper sulfate Others had previously tried 
copper sulfate for bunt control, but had failed to prove its value (Pro- 
vost, 1807, Woolmnn .and Humphrev, 1924) In the hands of plant 
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culturists, sulfur, which had been applied empirically to plants since 
ancient times, came into successful use m controlling surface mildews 
in the first half of the 19th century John Robertson (1824), m Ireland 
m 1821, reported a careful studj' of peach mildew, m which he correctly 
interpreted the causal role of the fungus and successfully controlled the 
disease by repeated applications of a preparation of sulfur and soap in 
water, by means of a syringe This treatment, or modifications of it, 
came into use by gardeners, and recommendations of preparations of 
lime and sulfur soon followed (Lodeman, 1896) 

The first generally accepted method for chemical control of a major 
disease by treating plants in foliage was developed by gardeners and 
viticulturists The poivdery mildew of the vine ^vas first observed in 
Europe in glasshouses at Margate, England, m 1845 by Edward Tucker 
a gardener (Berkeley, 1847) After satisfying himself by microscopic 
study that he was dealing with a fungus similar to that of peach mildew, 
Tucker applied a preparation of sulfur and slaked lime in water to the 
diseased leaves by spongmg or by rubbing it on with his hands The 
mildew m his houses was controlled, while in the next garden it devel 
oped destructively As the disease spread rapidly and threatened the 
vineyards of Europe, many modifications of the sulfur treatment uere 
tried According to Mares (1856), Gonlier, a French gardener, obtained 
excellent results m controlling the mildew in glasshouses in 1850 by 
applying sulfur dust to moistened vines by means of a bellows In 1851, 
another French gardener, Cnson, reported successful control of the 
mildew by a diluted preparation made from sulfur and freshly slaked 
lime boiled in water (Heuze, 1852) A commission reported favorably 
on his work, and his preparation 'eau Gnson,” a precursor of modem 
lime-sulfur, was used by gardeners against surface mildews for many 
years In 1852, a gardener in France, Bergman, reported successful con 
trol of grape mildew by moistening the hot water pipes of glasshouses 
and powdermg them with sulfur (Truffaut, 1852) A commission re 
ported favorably on his results Mares (1856) states that decisive results 
were obtamed in 1853 on 300 acres of vines at Thomery, France, by 
using a method proposed by R Charmeux of dustmg the dry vines with 
sulfur With modifications, this method came rapidly into general use 
and saved the European vineyards 

When Berkeley ^8^7) named the powdery mildew fungus of the 
vine Ouhiim tuckeri, n s , interpreted it as the cause of the disease, and 
reported Tucker’s control method, he met httle opposition (Large, 1910) 
Thus, when De Bary published in 1853, the battle against the auto- 
genetists had been largely \%on De Barv himself actually contnbutcd far 
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less convincing evidence m 1853 for the thesis thnt fungi can incite 
disease in plants than Frevost had presented m 1807 Do Baiy never saw 
Pievost’s memoir, which was not available to him, and had only frag- 
mentary information about it through reviews His own work was en- 
tirely observational, he made no experiments for inducing or preventing 
disease Like Provost, he was unable to observe the penetration of a 
pathogen mto plant tissues If his “Untcrsuchungen” had been his only 
work, he might not have been remembered long Although this early 
work was very important, his great and fully deserved reputation was 
earned chiefly by the superb contributions that he made throughout the 
remainder of his life These ^eatly accelerated the development of 
mycology and plant pathology 

Many other advances of great biological significance were made in 
the early and middle 19th century Among these were the synthesis of 
urea by Woehler in 1828, the discovery of the cell nucleus by Robert 
Brown m 1831, the founding of the cell theory by Schleiden and 
Schwann in 1838-1839, the contributions to plant embryology by Hof- 
meister in 1849 and 1851, the works of Wallace and Darwin on the 
origin of species m 1858 and 1859, and the discovery of the laws of 
heredity by Mendel (1866) (von Sachs, 1875) 

V Some Effects of the Steam Ace on Plant Diseases 
AND Plant Pathology 

The advent of the steam age at the beginning of the 19th century 
had profound effects on problems of plant disease Availability of cheap 
power led quickly to industrialization, and steamships and railroads 
furnished the transportation that permitted rapidly increased urbaniza- 
tion As the cities grew large, an extensive and intensive agriculture was 
necessary to support them Small and diversified plantings were increas- 
ingly replaced or supplemented by large acreages devoted to single 
crops, and often to single varieties Since incidence of infectious disease 
IS a function of density of population, losses from plant diseases greatly 
increased and the need for increased study of plant pathology became 
urgent Out of this need has grown the present highly organized science 
of plant pathology 

VI Estabusiiment of Major Trends of Work Centering about 
Groups of Causal Agents of Disease 
Trends of investigation naturally developed about groups of causal 
agents of disease Since fungi were the first microorganisms shown to 
incite disease, the first great trend in plant pathology was mycological 
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A The Mycdlogtcal Trend 

1 De Bary and Hts School 

De Bary and his school gave great impetus to the development of the 
mycological trend in plant pathology, from which the subsequent trends 
largely derived He was a great teacher, investigator, compiler, and 
educator Students came to bis laboratory from many countries More 
than 60 of them became prominent in their fields and carried his teach- 
ings and influence to many parts of the world Among these were 
Woronin of Russia, Brefeld of Germany, Millardet of France, Ward of 
England, Farlow of the United States of America, and Fischer of 
Switzerland 

De Bary was especially interested in the morphology, physiology, 
parasitism, sexuality, and natural relationships of fungi His compila 
tions of knowledge in this field were of great value to mycology and 
plant pathology His "Morphologic und Physiologic der PiJre, Flechten 
und Myxomyceten” (1866) was followed by his “Vergleichende Mor 
phologie und Biologie der Pilze, Mycetozoen und Bactenen” (1884), a 
masterpiece which was for many years the leading source of reference 
in Its field "Vorlesungen uber Bactenen” appeared in 1887 

Especially noteworthy among De Bary s more direct contributions to 
plant pathology were his studies on the Peronosporaceae (1881 ) and dis- 
eases they incite, especially the ‘potato disease” (1861, 1863, 1876), his 
discovery of heteroecism in the rusts (1866-67), and his work on 
ScJerotmuj sclerotiorum (1886), which opened up a new field of investi 
gation into the physiology of parasitism In these and other works he 
abundantly developed the experimental element that was lacking m his 
first publication Because of his own work and that of his students, the 
influence of De Bary will long be felt 

2 Kuhn and Economtc Plant Pathology 

Julius Gotthelf Kuhn was bom in Pulsnitz, Saxony, in 1825 He uas 
trained as a farm manager He managed large estates and began agricul 
tural investigations which stimulated his interest m further scientific 
education At the age of 30, he entered the Agricultural Academy at 
Poppelsdorf and a year later transferred to Leipzig, wliere he receded 
his doctors degree in 1856 After a term as lecturer at the Agricultural 
Academy at Proskau, he became manager of a large estate in Silesia, 
there he xvTote Ins famous textbook on plant pathology In 1862, at the 
age of 37, he was called to tlic newh created chair of agriculture at 
the Univcrsitv of Halle He remained at Halle until near the time of 
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his death in 1910, and saw the fulfillment of his hopes of introducing 
agriculture into the University structure His interests m agriculture 
were very broad He was the author of more than 250 published papers, 
of which some 70 dealt with mycology or plant pathology 

kuhns Die Kranhheiten dei Kulturgewachse” (1858) was the first 
textbook on plant pathology written m the full light of knowledge of the 
role of fungi in the causation of plant diseases, although Berkeley 
(1854-57) had published a very valuable senes of 173 articles on 
Vegetable Pathology m the Gardeners Chronicle, beginning January 
7 1854 and ending October 3, 1857 With the rapidly accumulating 
knowledge of fungus diseases and with his great knowledge of agricul- 
ture Kuhn was able to bring his science to bear on the practical prob 
lems of plant disease and to recommend specific control measures 
Kuhn listed as causes of plant diseases unfavorable climatic and soil 
conditions animals (insects), phanerogamic parasites, and cryptogamic 
parasites Special consideration was given to smut of cereals, rust of 
cereals and of legumes ergot mildew, sooty mold and honey-dew, leaf 
blight or leaf spot diseases, disease of rape and rape seed, seed rot of 
Fuller s teasel the gout or cockle disease of wheat, and diseases of tubei 
or root crops Of special interest were his contributions on bunt of wheat 
He discovered and figured direct penetration of the bunt fungus 
into the wheat seedling, traced its development to the bunted kernel, 
and standardized the copper sulfate seed treatment method which farm 
ers had been using for a half century since Prevost had discovered it 
Kuhn contributed greatly to the development of the economic as well 
as the scientific aspect of plant pathology and to the advancement of 
the study of agriculture to the uruversity level 

3 Brefcld and the Development of Mycological Techniques 

Bom in Telgte, Germany, in 1839, Oskar Brefeld was educated as a 
pharmacist Preferring botany, he studied under Hofmeister at Heidel- 
berg and De Bary at Halle After an appointment at the Forest Academy 
at Eberswalde, he held professorships successively at the Universities 
of Munster, Breshu and Berlin and died in Berlin in 1925 

Brefeld (1875, 1881, 1883), working uith fungi, was the leader m 
the early development of modem techniques for growing microorganisms 
m pure culture With the refinements made by Koch, Petri, and others, 
Ills techniques are the foundation for the pure culture methods cur- 
rently employed After his earlier studies on the complete life cycles of 
saprophytic fungi, he gave major attention over a period of some 30 
years to the smut fungi and diseases (1888, 1912, Brefeld and Falck, 
1905) He was the leader in traemg the life cycles of the cereal smut 
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fungi and their role m the causation of diseases In this work he made 
important contributions both to pure culture, of smut fungi and to inocu 
lation techniques 

4 Hartig and the Foundation of Forest Pathology 

Heinrich Julius Adolph Robert Hartig was of the third generation 
of a distmguished line of foresters His grandfather, Georg Ludwig 
Hartig, was chief forester of Prussia Theodor, his father, a famous 
botanist and forester, was Professor of Forestry at the University of 
Berlin Robert was born m Braunschweig, Germany, in 1839 After train- 
ing in forestry, he studied at the Universities of Berlin and Marburg, and 
obtained his doctor s degree from the latter in 1867 His most important 
work was done at the University of Munich, where he was Professor of 
Botany and Director of the Royal Forestry Experiment Station 

Robert Hartig was an enthusiastic and successful teacher, an accurate, 
thorough, and productive mvestigator, and a voluminous writer A man 
of broad mterests and great energy, he made valuable contributions to 
many aspects of forestry, botany, and entomology He is widely known 
as the “Father of Forest Pathology” because of his great pioneering work 
in this field Outstanding among his many contributions to forest pathol- 
ogy were bis “Wichtige JCrankheiteji der Waldbaume” (1874) and his 
“Lehrbuch der Baumkrankheiten” (1832) TTie latter was for many years 
the most comprehensive and authoritative work in its field 

5 Millardet and Bordeaux Mixture^ Stimulus to Research in 

Biology and Agriculture 

Pierre Mane Alexis Millardet was bom in Montmerey la-Ville, 
France, in 1838 He began the study of medicine in Pans, but was more 
interested m botany, which he studied under Hofmeister at Heidelberg 
and De Bary at Freiburg He relumed to France and took his doctorate 
in both medicine and science After appointments at the Universities of 
Strasbourg and Nancy, he was called in 1876 to the chair of botan> at 
the University of Bordeaux, where be served until lie retired in 1899 

Millardet was an able and imaginative mvestigator with broad inter 
ests His works may be divided into three major groups (1) carlv 
studies on tlie morpholog), ph>siolog>% and systematic relationships of 
plants, (2) investigations of Ph>lIoxcra of the vine, including introduc- 
tion of resistant stocks from Nortli America and extensive hv bridizafion 
experiments aimed at obtaining resistant varieties and understocks, (3) 
researches on diseases of the vine, especially the dowmv mildew and its 
control by Bordeaux mixture In these investigations, Milhrdct liccame a 
pioneer m the development of two of the most important means of plant 
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disease control— use o£ disease resistant plants (1878, 1891 a, b 1894) 
and application of fungicidal sprays to plants in foliage ( 1885a, b,c, 
Lodeman, 1896, Large, 1940). 

The downy mildew of the vine was first reported in Europe m IBiB, 
Millardet .and Planchon found it at about the same time in France, 
where it evidently had been introduced from the United States ol 
America The dise.ase spread rapidly and threatened to rum the vine- 
yards of Europe Millardet promptly began a thorough study of the 
disease and its control In October of 1882 he noticed that vines that had 
been treated with a mixture of copper sulfate and slaked lime to deter 
pilferers retained then- leaves, whereas the untreated vines were de- 
foliated In 1883 and 1884 he performed extensive spraying experiments 
with many preparations of copper, calcium, and iron salts, used alone 
and m various mixtures, he also arranged tests by viticulturists Both 
seasons were dry and little mildew developed Being a conservative 
scientist, Millardet preferred to delay publication until he could recom- 
mend a thoroughly tested spraying program. However, the news of his 
work spread and others began to publish the effects of copper prepara- 
tions on mildew In May, 1885, Millardet published his work and gave 
detailed recommendations for spraying with a mixture of copper sulfate 
and slaked lime, later known as “Bordeaux mixture ” Mildew was severe 
in 1885 and Millardet’s recommendations were followed extensively, with 
spectacular success He and others rapidly improved spraymg methods 
and studied a great variety of copper and other fungicidal preparations 
Bordeaux mixture emerged as the most successful one for a long period 
until the need for fungicides less injurious to some host plants was 
clearly recognized 

Mastery of the mildew and saving the vineyards of Europe was a 
spectacular accomplishment but only a foretaste of what was to come 
As experimenters m many countries eagerly jomed m the investigations, 
Bordeaux mixture began a triumphant march around tlie world TThe 
dreaded “potato disease” and one after another of the major plant dis- 
eases toppled before it Never before had there been such a dramatic, 
world-wide demonstration of what science could do for agriculture The 
discovery of Bordeaux mixture gave a great stimulus to the development 
of agricultural institutions, and more broadly, to increased study of 
science and its relation to human affairs 

6 Fungus Diseases of Plants Studied Around the World 

In the latter half of the 19lh century plant pathology was concerned 
duefly with exploitmg the great fundamental concepts experimentally 
founded by Pr6vost and confirmed and extended by the Tulasnes, 
De Bary, and others Fungus diseases, the most important and best known 
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group were studied by many able investigators around the world. The 
knowledge and the methods derived from their study resulted in increas- 
ing recognition of other groups of causal agents of plant disease. Around 
these new or more clearly recognized groups, arose new trends of work. 

It is noteworthy that the chief principles and most of the basic 
methods of plant disease control were discovered in the development 
of the mycological trend in plant pathology. The beginnings of fungicida 
control of plant diseases have been noted on earlier pages. Both Prevost 
and De Bary clearly recognized the principle of eradication of pathogens 
for plant disease control and proposed specific erad.cative P^^dures 
Their work and similar investigations which f 

rationale for methods of eradication and exclusion ° 
were extensively developed in the latter half of the 19th centu^. Simi- 
larlv establishment of the fact that fungi can mcite disease in plmts 
gave a ratoal basis for selecting and breeding plants for disease resist- 
Lce Comparatively little progress was made along this Ime, howeve , 
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selecting and breeding resistant vanetics The work of Biffen and Orton 
established breeding for disease resistance on a firm scientific and prac 
tical foundation 

B The Phi/siologtcal Trend 

The physiological trend in plant pathology may be regarded as having 
t three major aspects (1) studies of physiogenic diseases, (2) work on 
the indirect or secondary causal relationships of environment to infectious 
diseases, and (3) investigations into the physiology of parasitism The 
first of these constitutes the separate and distinct physiological trend, 
the second and third are joint aspects of the physiological and other 
trends 

The relationships of environmental factors to the causation of disease 
could not be reliably determined until the causal role of microorganisms 
was known As late as the middle of the 19th century, many leading 
scientists were still attributing fungus diseases to environmental influ- 
ences Kuhn (1858), knowing the causal role of fungi, included in his 
book a reliably differentiated class of diseases caused by unfavorable 
climatic and soil conditions Sorauer, however, was the leader in estab- 
lishmg modern studies of physiogenic diseases 

Bom m Breslau, Germany, in 1839, Paul Karl Moritz Sorauer studied 
botany and received his doctor’s degree at Rostock in 1867 His longest 
assignment was as Director of the Experiment Station for Plant Physi- 
ology at the Imperial Cider Institute of Proskau from 1872 to 1893, after 
which he retired because of an eye ailment He continued to work, how- 
ever, and was later Pnvat Docent at the University of Berlm He was 
noted as a teacher, compiler, and editor and was a leader m efforts to 
develop international cooperabon to limit the spread of plant diseases 
He was a founder and for some 25 years the editor of Zeitschrift fur 
Tflanzenkranhheiten He died in 1916 His best known work was his 
“Handbuch der Pflanzenkrankheiten,” the first edition of which was 
published in 1874 Tins book, which was immediately very successful, 
has been revised and expanded through six editions and is still widely 
used Sorauer’s chief interest was m physiogenic diseases, and he gave 
these emphasis and space comparable to that devoted to parasitic 
diseases 

Provost (1807) demonstrated experimentally and interpreted clearly 
the indirect or secondary causal role of environment in the etiology of 
parasitic disease. Sormicr (1874) and Ward (1902b) were otlier out- 
standing pioneers in slud\ing influences of environment on parasitic 
plant diseases Both stressed the importance of predisposition of host 
plants to disease by environmental influences prior to infection 
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De Bary (1886), in his last work, pioneered in the fertile field of 
physiology of parasitism Working chiefly with Sclerotinm scleroliorum 
and the disease it incites on carrots and other plants, he observed that 
host cells were killed m advance of the invading hyphac of the fungus 
He ei^ressed }Uice from rotted tissue and found that it could rapidl) 
break down healthy host tissue This activity of the juice was lost on 
boilmg De Bary thought that the fungus was a saprophyte which became 
facultatively parasitic by producing an enzyme or enzymes that killed 
plant cells and made their contents available for its nourishment 

Another eminent pioneer m studies of the physiology of parasitism 
was Ward Harry Marshall Ward, one of England’s greatest botanists, 
was bom m 1854 and graduated from Cambridge in 1879 After a brief 
period of study in Germany under Sachs and De Bary, he was commis- 
sioned to mvestigate the mst disease of coffee, winch was destroying 
the plantations of Ceylon He made a thorough 2-year study of this 
disease, but was unable to save the plantabons After returning to 
England, he was for some years Professor of Botany at the Royal En 
gmeermg College at Cooper’s Hill In 1895 he was called to the chair 
of botany at Cambridge, where he rendered distinguished service until 
his death in 1906 at the age of 52 Plant pathology was his central inter 
est, with special emphasis on host-parasite relationships An outstanding 
contribution on the physiology of parasitism was his work on “A Lil) • 
Disease” (1888) incited by a Botrytis species He made a tliorough study 
of the fungus and of its penetration and invasion of host tissues He 
obtained from pure cultures of the fungus a highl> purified ‘ferment” 
that would break down healUiy host tissues Although he could not 
find a perfect stage of his fungus, lie surmised that it ^vas a Pcztza 
(Sclcrotmta) He thought De Bar> s ScJerotima sdcrotiorwn was inter 
mediate in its parasitism bcb\cen Ins Bolnjtts and saproph>tic pczizas 
and that it w'as in process of being “educated ’ to parasitic habits Ward’s 
belief that fungi can thus be educated was strengthened b> lus fimous 
bromc rust in\estigations (1902a. 1903) Although later work did not 
support his interpretation of “bridging hosts" in his rust work nor lus 
conclusion tliat secretions produced b\ Ilotnjtis dissolve the pi mt cuticle 
and thus permit penetration bv the fungus these mistakes m intcrprcla 
tion of pioneering experiments on vcr> difficult problems are rare extxp 
tions in his brilliant career 

C The BactcnoJo^icat Trend 

Till; concept lint fiinm <rm incite diseases m plants Inti l)c<n (ten- 
trails atcepted for nearls a tpiirltr of a ccnlnrs Ik fore a similar role 
ssas prostd for Iiictoria As it fnd I>«n iiitli ftinitns tint lies, a ftri at 
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stumbling block was the ancient concept o£ abiogenesis In one o£ the 
most brilliant series of researches in the history of science. Pasteur 
finally completed the overthrow of the theory of spontaneous generation 
and paved the way for convincing experimental proof by Koch (1876) 
and hunself that anthrax is molted by a bacterium This great work has 
been adequately reviewed elsewhere (Ducleaux, 1896, Dubos, 1950} 
It revolutionized animal pathology and medicine and had wide implica- 
tions for plant pathology, agriculture, mdustry, and other fields 

Bunill m the United States and Wakker in Holland were pioneers in 
producmg the proof that bacteria can incite diseases m plants Bom in 
Massachusetts m 1839 and educated in Illinois, Thomas Jonathan Burnll 
was for many years Professor of Botany and Horticulture and Vice Presi- 
dent of the University of Illinois In studies of fire blight of pear and 
apple, chiefly from 1877 to 1883, he showed that a bacterial organism 
was constantly and abundantly present m freshly blighted tissues and 
that he could incite the disease consistently by direct inoculations (1878, 
1881, 1884) J H Wakker (1883, 1889), a young botanist at the Univer- 
sity of Amsterdam, began work on the yellow disease of hyacinth m 
1881 He found bacteria abundantly in the diseased tissues and was able 
to incite the disease consistently by direct inoculation, beginnmg in 1882 
Arthur (1885, 1887a, b) conBmed and extended Burnll s work on fire 
blight, inciting infection with pure cultures of the bacterium Savastano 
(1887), in Italy, showed that olive knot is incited by a bacterium Most 
of this early work on bacterial diseases of plants was done with methods 
and standards far below those developed by Koch and Pasteur in studies 
on bacterial diseases of animals Many scientists, especially m Europe 
still doubted that bacteria mcited diseases in plants (Fischer, 1897, 
JS99), or thought tliat 5uch diseases were unimportant (De Bary, 1884, 
1887) Tlie outstanding leader in bringing the best available methods 
and standards to the study of bacterial diseases of plants, and m estab 
lislung the modem bacteriological trend in plant pathology, was Smith 
Envm Fnnk Smith, one of the greatest plant pathologists, was bom 
in 1854 m tlie State of New York He received his B S degree in 1886 
and lus Sc D in 1889 from the University of Michigan His long and 
fmilful career was spent in the United States Department of Agriculture 
He died in 1927 at the age of 73 His work on bacterial diseases of 
plants began \Mth successive studies on wilt of cucurbits (1893), brown 
rot of sohnaccous plants (1896), and black rot of cruciferous plants 
(1897) Outstandmg arnong lus later works are bis “Bacteria in Relation 
to Plant Diseases (1905-14) and his extensive researches on cron-n gall 
(eg. Smith cf al, 1911, 1912) In his controversy with Fischer, he 
( 1609a, b, 1901) silenced the last doubters of tlio occurrence or\he 
importance of bacterial diseases of plants 
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D. The Virological Trend 

Although diseases now taioivn to be incited by viruses have been 
described in literature for at least several centuries, their etiology could 
not be determined until sufficient knowledge and techniques we 
developed to distinguish them from fungal and bacterial diseases The 
Hrst great step in discovery of the etiology of a vinis disease of plants 
was the experimental transmission of tobacco mosaic by Mayer (1886). 
Adolf Mayer was bom in Oldenburg, Germany in 1843 and educated 
as a chemist at the Universities of Heidelberg, Ghent, and Halle. From 
1876 to 1904, he was Director of the Agricultural Experiment Station at 
Wageningen, Holland, before and after this appointment he was a pro- 
fessor at Heidelberg. About 1880 he began 'vork on a serious tobacco 
disease, which he named mosaic. He was able to mcite *0 disease con- 
sistentlv bv iniecting juice from diseased leaves into healthy tobacco 
plants. ThJ infectivity was not impaired wben the juice brated at 
60° C but was reported as lost when it was held for several hours at 
80° or pLed through two layers of filter paper. Mayer sought unsuc- 
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The existence of viruses as causal agents of disease was generall) 
accepted after the work of Beijerinck (1898), a brilliant Dutch botanist 
and microbiologist who brought the best bacteriological knowledge and 
methods of his time to the study of tobacco mosaic Born in Amsterdam, 
Holland, in 1851, Martmus Willem Beijerinck was thoroughly trained in 
the physical and biological sciences at the University of Leyden, where 
he received his PhD degree m 1877 Most of his work was done at the 
Technical School of Delft, where he founded the Microbiological Lab 
oratory and became a great pioneer m soil microbiology He confirmed 
Ivanowskis finding that the causal entity of tobacco mosaic would pass 
through a porcelain filter, and was unable to culture any organism from 
the filtrate He proved that the mfechous agent increased in the tobacco 
plant and that it could pass through a layer of agar. He concluded that 
the disease was not caused by a microbe or .anything corpuscular, but 
by a "confagtum vtvum jiutdtttn** which he also referred to as a virus 
Thus, at the beginning of the 20th century, the virological trend in 
plant pathology was definitely established, but its great development was 
>et to come 

• VII Plant Pathology in the 20th Centura 
The advent of the automobile and the airplane at the beginning of 
the 20th century mtensified the influences of the steam age on plant 
pathology As urbanization and transportation increased, crop plantings 
became more specialized, extensive, and concentrated, opportunities for 
spread of pathogens increased, and the problems of plant disease became 
more aaitc With the recognition of these rapidly increasing problems, 
plant pathology, which hitherto had developed in departments of botany, 
became a vigorous young science in its o\vn right Chairs and depart- 
ments of plant pathology were established, leaching, research, and exten 
Sion scpiUccs developed, phytopnthological societies organized, channels 
of publication provided 

Tlic major trends of work that had been established in the 19th cen- 
tur> were continued and expanded However, the impact of new knowl- 
edge and techniques brought about some major new lines of emphasis 
excepting only the deaelopment of the microscope and the discovery 
that microorganisms can incite disease, the disco\ery of the laws of 
hercdit\ might well be considered the most important contribution yet 
made to plant pathologi Genetics affords the key to knowledge of van- 
ahihtv, and \nriabihtv is a basic aspect of most problems of plant disease 
Tlu* rise of the science of genetics, the growth of botany, bacteriology, 
chemistn., and plwsics. the development of the electron microscope and 
of atomic phvsics, and the application of mathematics to biological 
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problems have opened up vast new opportunities for research m plant 
pathology. 

It IS possible to mention here only a few major lines of new or m 
creased emphasis m phytopathological work in the 20th century 

Education and organization introduction of plant pathology into 
universities and colleges, development of extension services for educa 
tion and information of growers, expansion of governmental and private 
agencies dealing with plant diseases, establishment of phytopathological 
societies and journals 

Genetics of host plants in relation to the inheritance and the nature 
of disease resistance, the development of disease resistant plants, and 
the nature of host-parasite interachons 

Environment in relation to plant disease development, influences on 
host, parasite, and host-parasite mteractions 

Genetics of pathogens m relation to the inheritance and the nature 
of pathogenicity and to the nature of host parasite mteractions 
Physiology of parasitism 

Virus diseases nature and properties of plant infecting viruses, inter 
actions of viruses with plants and with animal vectors, disease develop 

"'"Tmprmemenf m materials and methods for chemical control of plant 

^“"CLmiology and its relation to plant disease control major factors 
that govern development of epidemics, rational orientation of control 

■""Drases incited by nematodes, their occurrence, development, and 

“Tgulation inspection, quarantine, and certification 
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Since a plant has no blood pressure or pulse and can show no fever, 
the diagnostician sometimes has difficulty in knowing how sick is the 
plant Since he has difficulty in measuring disease quantitatively in the 
single plant he has difficulty m measuring it for the whole crop Having 
gained ability to measure the sickness in the crop, there remains the 
complex problem of relating this to the amount of loss to the agricul 
turist or horticulturist In this chapter, we shall deal with these inter 
relationships (see also Chester, 1955) 

1 Sickness and Loss 

A Sickness and Loss Are Different Concepts 
Sickness is the result of an abnormal physiological process, one that 
interferes with the normal functioning of the plant The functions of 
the plant, from the biological vieavpoint are to survive, compete, grow, 
and reproduce its kind through flowering fruiting and disseminating 
Its offspring Wliatever may interfere with these normal biological proc 
esses results in sickness, mechanical injury to or violent destruction of 
the plant Here our emphasis is on sickness, recognizing however, that 
those concerned avith the health of plants must embrace in their think 
ing plant damage resulting from the activities of man and the other 
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higher animals as well as that due to lightning, fire, flooding, hail, and 
otlier such violent destructiveness. 

Man claims a proprietorsliip over plants, and is concerned with then- 
sickness insofar as it interferes with his demands and expectations on 
the performance of the plant to serve his ends. \Vlien sickness in plants 
frustrates tliese demands and expectations, vve have loss from the human 
viewpoint. 

There is no regular relationship between sickness and loss. A popula- 
tion of plants may suffer devastating sickness, yet, if this does not inter- 
fere witli man’s desires, there is no loss from tlie human viewpoint. There 
may even be gain, as in the case of sielmess in a noxious weed. Or the 
loss may be quite disproportionate to the injury suffered by the plant, 
as in the case of disfigurement of ornamental plants which does not 
seriously affect their life processes. 


B. How Sickfwss and Lo^s Are Distinguished 
. From the point of view of the individual plant, any kind or degree of 
sickness may be harmful, although plants, thanks to their capacity for 
replacing and restoring damaged organs, are able to tolerate greater 
destruction to their bodies than animals can. While much plant sickness 
results from the activities of parasites, parasitism in itself does not imply 
a corresponding degree of sickness. The conspicuous and widespread 
occurrence of powdery mildew on lilac in autumn, for example, is not 
associated with any important degree of sickness, since the attacked 
leaves have already accomplished their usefulness and will soon he 
shed. On the other hand, plants may suffer severe or fatal sickness from 
the effects of toxins released by microorganisms which are hardly to 
be classed as parasites. 

From the point of view of plant population, sickness or death of the 
individual plant has little significance, provided the population main- 
tains its competitive position in the plant world. In the long run, survival 
of the species or race is the important thing, regardless of how many 
individuals suffer or die along the line. Indeed, some loss of individuals 
is often beneficial to plant populations that are overcrowded owing to 
lavish reproduction. Forest trees offer many illustrations of this The 
cottonwood tree, for example, has an enormous reproductive capacity. 
Customarily, newly exposed sandbars in major river bottoms become 
covered with scores of thousands of cottonwood seedlings per acre. All 
but a few hundred of these must die xf the remaining trees are to attain 
normal maturity. 

In other situations, sichness in certain individuals may endanger the 
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entire population When, through diancc or a high degree o£ suscepti 
hihty to an infectious disease, a few individuals contract the disease, 
they may serve as a source of inoculum which may spread to engulf t he 
entire plant population over wide areas This was the history of the 
chestnut blight m America, and it is constantly occurring in tile rust 
diseases of cereals 

Looking at the matter from the point of view of the biotic complex, 
plant sickness may set ofi chain reactions tliat can profoundly alfect the 
whole biosis In brackish, muddy inlets of the North Atlantic scacoast 
of the United States, for example, the eelgrass, Zostera marina, is the 
dominant vegetation Its presence provides substrate, food, and shelter 
for a myriad of marine animals and plants When, a few years ago, the 
wasting disease of eelgrass wiped out tins species over extensive 
areas, the whole microcosm of marine life underwent profound changes, 
directly through the loss of the plant and indirectly tlirough changes in 
wave action, properties of the water, and altered navigation practices 
that resulted from loss of the eelgrass We must note, too, the extensive 
results that follow the introduction of a disease agent on a single species 
of plant when, as with aster yellows, the pathogen exhibits its capacity 
for spreading to many other, unrelated species, quite altering the biotic 
complex The special case of pathogens having alternate hosts deserves 
mention, in which introduced disease m one species of plant results m 
attack of another quite unrelated species In all such instances, sick- 
ness in one member of the bioUc complex alters the complex and the 
Welfare of its components Obviously, this can be beneficial or harmful 
accordmg to the component supplying the viewpomt 

Plant sickness from man’s pomt of view is important insofar as it 
hmders or aids production of the commodity or result that he desires at 
the moment, and loss is a measure of the extent of that hmdrance 
Obviously, if potatoes are destroyed by blight or wheat by rust, man’s 
purpose m growmg these crops is frustrated The loss is greater or less 
depending on the economic value attached to potatoes or gram that 
were sacrificed to the disease But man s point of view is not single and 
simple In these cases what may have been senous loss to individual 
potato or gram growers may actually have been gam to their society 
if the diseases tended to reduce unmanageable surpluses of these 
commodities 

Man’s point of view depends on who the man is When the wilt dis 
ease began decimatmg populations of persimmon trees m southwestern 
United States this was regarded by some as causing serious loss of food 
for wildlife and of defense against soil erosion Ranchers on the other 
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hand, gained by the removal of a weed tree that is undesirably pre- 
valent in pastures. 

There are numerous instances in which plant sickness is useful and 
helpful to man. The ergot fungus on rye is propagated to provide medical 
supplies of the toxin in the ergot bodies. Pme trees have been inoculated 
with pathogenic fungi to increase the flow of the valuable resin. In the 
related field of animal pathology we recall the fostering in pese of the 
liver disease that yields the valuable pate de fois gras. While it is ear- 
nestly hoped that man will never resort to the dissemination of agents 
of plant, animal, or human diseases as weapons of war, such use of 
disease would represent other instances in whic sic mess wou e 
regarded as useful to man. 


G. What Is a “Normal’’ Plant, Crop, or Plant Product? 

Plant sickness has been called an “abnormar-process. What then is 
the norm from which the sick plant is deviated? Theoretically he sever- 
ity of a disease is the extent to which the diseased plant short ^f 
ideal development. Such an ^^eal proba y^ y g Department 

“normal” commonly connotes good average. «nnd vears over 

of Agriculture the “normal yield" is *at wh oh occurs ^Sood years over 

extended areas, and a crop tlul lU). In 

perfect, undamaged crop for the ^ea ( g * normal year, 

the “normal yield”^ is j practice it corresponds to a 

assuming average 1940). The latter is more realistic 

6- to 8-year average yield (Klemm, I obsurditv of reports that 
than the American produced somewhat more than 

particularly well favored crops ha ^ (bat the utmost that 

100 ^ of perfection, as well as the a paltry 10% more than the 

can be achieved by a grower is an ^ compare sick- 

local average in good years. In ^Ppractfcal purposes, the healthy or 
plants with healthy ones, an^ P ^P^ growing under 

“normal” plant is similar >'* "7„bvsical and biotic, that arc favorable 
environmental influences, both pny preent that the “normal 

and similar to those affecting the sick plant exreP 
plant is free from the particular sickness m question. 

D How Does Plant Sichness Cause losses? 

1 r«»«ntltinc from reduction in the 
Most obvious are the direct Tlicse, however, set in motion 

amount or qu-ility of a useful p ^ jmport.'mt. arc usually over- 
a tain of indirect losses, vyhich. .-ndhect losses may lie decreased 
loolccd in reporting losses. Among 
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purchasing power of the grower-as well as those dependent on this 
purchasing power— together with decreased activity, economic opera- 
tion, and profits of the industries that are dependent on agriculture, 
such as grain elevators, mills, processing plants, railroads, banks, farm 
implement and chemical manufacturers, and others. Tlie expense ot 
replacing the missing produce by importation from regions outside those 
affected by crop disease, sometimes including the necessity of accepting 
less desirable substitute products, should also be included among indirect 
losses. _ ^ 

Actual losses include all direct and indirect losses. In addition, when 
a disease has been averted by the use of preventive measures — spraying, 
soil disinfestation., replanting, and others — the cost of these measures, 
plus the cost of the research that develops them and the educational 
programs that diffuse knowledge about them must be added to the sum 
of actual losses. In contrast, potential losses are those which would 
occur in the absence of preventive measures. Where economical disease 
control measures are available, the grower must choose the lesser of two 
evils, the actual loss from the cost of control if it is less than the poten- 
tial loss in the absence of control. 

We may also distinguish between recognized and hidden loss. The 
extent to which a “normal” crop falls short of its potential yield is hidden 
loss, and this may be very great. One form of bidden loss is the unnoticed 
restriction of growth of plants that are constantly subjected to city 
smoke and gases Another is Uie subnormal nutritional value of some 
foods from crops that have suffered from environmental deficiencies, 
which is undetected in foods that are chosen solely on the basis of 
appearance. Yet another is seen in the wide variation in average, ‘for- 
mal,” yields per acre ot a given crop growing in different areas. 

Plant diseases may be classified according to their manner of causing 
losses, for example into: (a) diseases that seriously affect the normal 
life of plants, frequently killing them, as in the wilt diseases and damp- 
ing-off, (b) diseases that destroy the commercial parts of the plant, as 
the smuts of small grains or the fruit rots; (c) diseases that destroy the 
reproductive organs (overlapping “b”); (d) diseases that stunt or retard 
the growth, or weaken the plant, without killing it, as is true of many 
virus diseases; (e) diseases that indirectly injure the commercial product 
by attacking other plant organs, as the foliage diseases of root, fruit, nut, 
and seed crops, (f) diseases that confer poisonous or other undesired 
properUes on the product, as ergot of rye or scab of barley; (g) diseases 
tliat attack harvested products in storage, commerce, or home; (h) dis- 
eases that injure the attractiveness or aesthetic qualities of the product, 
such as peach freckle, apple fly speck, and blemishes of ornamental 
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plants; (i) mixed and inteimediate types, with combined features of two 
or more of the foregoing classes. 

Alternatively, diseases may be classified according to tlie degree of 
loss they cause, ranging from (a) those that practically eliminate the 
crop unless rigidly controlled, to (b) those that are quite destructive 
but sporadic, (c) those which are only occasionally and locally impor- 
tant, (d) those that are widespread and common but without important 
yield-depressing effects, and (e) those which ordinarily have little or 
no economic significance. 

Other factors being equal, a disease that causes wide fluctuations in 
crop yield from one season to another causes more economic harm than 
another disease which causes equal cumulative reduction in yield but 
in about the same amount each season. Certain diseases are most severe 
in crops that are highly vigorous, as is characteristic of many diseases 
caused by rust fungi and other obb'gate parasites, along with do^vny 
mildew fungi and bacteria. Other diseases are most damaging in plants 
of low vitality, such as is often true of die wilts, root rots, cankers, and 
wood decays. Diseases of the former type tend to reduce fluctuations in 
crop yields while those of the latter type increase these fluctuations. 
These relationships may be expressed as a coeiEcient of correlation, 
r, between disease loss and potential yield in the absence of disease. 

If r is negative, the disease increases annual yield variation, while if 
r is positive the disease is associated with reduced yield fluctuation. 
(Hartley and Kathbun-Gravatt, 1937). Thus, for cotton wilt, r = —036, 
increasing variability, while with potato late blight r=d-0,82. In the 
latter case, complete control of the disease would increase the yield 
variability, and late blight may be regarded as a stabilizing factor in 
potato production imder conditions of the observations. Tliis apparent 
beneficial effect of diseases with positive r values does not apply when 
the diseases attack with epidemic force, causing heavy losses over exten- 
sive areas, i.e., when the disease is more important than weather fluctua- 
tions or other factors contributing to crop vigor. 

With diseases that are transmillcd in the reproductive parts of 
plants, the amount of disease, and consequent loss, is cumuKitivc, in- 
creasing from one plant generation to the ne.tt. Tliis is characteristic of 
the tuber-bome diseases of potatoes, in which the long recognized “run- 
ning out” of potato v.arictics is no>v knoum to result from the progres- 
sively incre.asing content of one or several viruses in the tubers, \cgcta- 
tive generation after generation. Witli soil-borne disc.ases, such as the 
root rots, a comparable cumulative loss effect is obscr\‘ed. 

In perenni.!! pl.inls, sickness is often cumulative. Beyond the yield 
Joss in the current season of attack, for example by a defoliating disease 
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of trees, the plant may be weaker, witli less reserves, as it enters the 
following season of growth, and this weakness may increase cumiila- 
tively from year to year until death ensues An example of this )s 
antliracnosc on white oak 

Plant diseases may reduce yields without affecting the market qual- 
ity of the harvested crop (loose smut of wheat except when grown or 
seed), or may reduce quality without affecting yield (fruit blemishes), 
or, most commonly, diseases reduce both yield and quality Usually, loss 
statistics include only quantitative loss, although the loss m quality may 
have even greater importance Variations m market quality have com 
plex effects on the marketing, and, in general, the effects of lovveied 
quality are harmful to all concerned 

Among the forms of indirect loss caused by plant diseases, is their 
effect on the use and value of land In many cases the disease hazard is 
as important a characteristic of land as its fertility, water supply, nnd 
topography When a normally profitable crop cannot be profitably grown 
in certain areas because of its propensity to disease, and when other, 
less desirable crops must be grown, the land loses some of its utility, 
attractiveness, and value as is illustrated by land that is infested with 
organisms which cause wilt disease, pathogenic nematodes, or the Texas 
root rot fungus 

Now and then, in the history of agriculture, a new disease of devas 
tatmg potency assails a crop, drastically curtailing its production When 
the disease first appears, its mroads lead to scarcity of the crop, usually 
attended by higher prices This stimulates the use of substitute products, 
demand for the scarce commodity falls, and eventually the loss m volume 
IS compounded by a loss m price as well This secular effect of such 
devastating diseases is well illustrated by the Endothia blight of the 
American chestnut 

E How Much Sickness Is Important? 

The importance of plant sickness, to man, is a function of (1) its 
de&trucUveuess, {%) its timing and frequency, and (3) the value of the 
crop and its significance m the economy of the nation, the community, 
and the individual fanner The first of these, destructiveness, which is 
often the only factor considered in loss statistics, is the product of the 
degree and nature of damage to individual plants multiplied by the 
frequency of injured plants in tlie population 

Of two diseases of equal destructiveness, ordinarily that which ap 
pears early in the growing season is more important than the one 
appearing later Interference with the physiology of the plant, such as 
through the loss of photosynthctic tissue, is usually less harmful with 
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advancing age of the plant. The crops from early harvests frequently 
command the highest prices, which would aggravate the monetary loss 
from early season destructiveness of a plant disease. 

The importance of a disease also rises with the frequency with which 
a crop is subjected to it. An apparent exception to this principle is the 
situation in which a disease is practically always present and causes 
about the same amount of loss every season. Diseases that occasionally 
break out with explosive force are less dangerous, in one sense, than 
those diseases that are always present to about the same extent. We 
are prone to consider these constant diseases like rats, taxes, soil erosion, 
highway fatalities, and the common cold, as “normal” or inevitable We 
tolerate them and often forget or never realize that their constancy and 
our acceptance of it may constitute their most dangerous feature. Exam- 
ples are wood decay in the forest, spoilage of fruits and vegetables in 
marketing and in the home, leaf spots of barley, and defoliation diseases 
of pasture plants. Our susceptibility to influence by the spectacular or 
infrequent leads us to overestimate the losses from such hazards, while 
we underestimate the destrucHveness of the common, constant ones. 

Other factors being equal, the importance of a disease increases vv.th 
the value of the crop. Sickness in feed crops, ^ch as sorghur^ barley 
and pasture plants, is regarded ^ less 

degree of sicLess in more valuable food and mdustrial crops. TOen 

any crop assumes strategic importance, as in warUme, or when it 
any crop assum * , . imnortance of sickness rises proper- 

tilSfly“ la m.1.1 pM 

s* T.'»rrs « 

n TiHnt disease declines with the ease and econ- 
The importanc ^^J^ 'ontrolled. From this viewpoint, such diseases 
omy with 7“?VlrLd threereal smuts are less important today than 
as jiotato late blig Jireises that are largely uncontroll.ibic have 

formerly, while those vi . ^ j ^ importance of a disease, when 

become relatively die control measures. ■ 

controlled, increases with increasing 

F. What Do Lasses from Plant Diseases Signify? 

,, . nf olant diseases can be very misleading. 

Statistics j plant disease purely from the point of 

men we consider the p.icos. at first sight it 

view of total national ProdueUon an I 

appears that in a free economy, disc.ases a ^ 


farmer, since 


in a free economy, ui^^.**^*-* ** . t • 

reduced production is usually more than olfsct by increased 
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prices 'x large crop actually being worth less money than a smaller one 
This IS brought out by statistical demand curves that relate production 
to price 

In a comprehensive study of demand made by H S Schultz (1938), 
it was found that of 10 major crops all had inelastic demand curves 
With corn a 0 5% decrease in production led to a 1% increase m price 
With cotton, a 1% increase in supply depressed the price by 1 4% A 1% 
increase in supply of wheat reduced the price by 2% With sugar, hay, 
potatoes oats and barley, \% increase in production resulted in price 
decreases of 2 5-3 3%, 2 3%, 3 3^, 1 67%, and 2 56% respectively, a bigger 
crop of any of these bringing the farmer a smaller return on the national 
average 

Are we to conclude that agricultural science, or specifically plant 
pathology, is harmful insofar as it increases production, thereby reduemg 
farm income^ If we do we must sanction farm programs that reduce 
the productive power of farmers, we must close our eyes to the millions 
0 nonagricultural consumers to whom decreased production means 
higher prices that buy poorer quality, and we must close our hearts to 
the many more millions of people throughout the world to whom any 
thmg short of maximum production means malnutrition or death by 
slow starvation 


We have momentarily assumed, as a general principle, that because 
of inelasticity of statistical demand curves of some leadmg farm crops 
SanfTJ Ptoduchon IS curtailed Were the losses from 

Svidtfd disregard 

W mal nc a ‘ “ y-'ds and 

am norise rr 1 'aT who 

1954 ?he averav t T ^ ™ “‘"“Stic that m 

0 “ worth s- nn "T i? P™duced 18 1 bushels 

to the farmer who h a*e\ means in human values 

assemhle~exi‘C^p,tP’r never yet fully 

ology of disaster after disaster whch spurned trT A “ ‘"’’"T 

.heir lues and all their resources -rhero is alt'd^b^Tst^a^l^eitf 
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tural projects that have failed as a result of plant diseases Some of these 
have virtually eliminated mdustries on which extensive areas depended 
Examples are the collapse of the Louisiana sugar cane industry when 
it was successively crippled by red rot, root rot, and mosaic, the fate 
of the sugar beet mdustry m the mtermountam area, throttled by tlie 
curly top disease, and the elimination, by rust, of coffee growing in 
Ceylon m the 1880’s, and the culture of Coffee arabica m Java Calam 
ities such as these ehmmated the livelihood of large populations, closed 
mills and factories, transformed prosperous communities into ghost 


Less spectacular, although no less rumous to many mdividual farmers, 
and those dependent on farming, have been the many other instances in 
which disease has struck locally or on scattered farms, elimmatmg the 
culture of once profitable crops, forcing countless individual farm fami 
hes off the land or into otlier. less attractive agricultural pursuits The 
many plant diseases that have acted m this fashion include banana wilt, 
Hax wilt and rust, sweet potato surface rot, wheat stem and s. 

potato and tomato late blight, bacterial wilt of alfalfa, rust of asp^a^s, 
Fusanum wilts of watermelon and cotton, Granville wilt of tobacco dis 
eases of celery downy mildew of grapes m France and gooseborrv 
powderj mddm in much of Europe In these cases, the destruction o 
^ 1,00 nnf fliwavs been permanent, sooner or later plant 

rdt^t rye found it^of conl^olluig many of these diseases or 

havf developed profitable substitute «ops Yet during the penod of 
nave oeveiop I' j suffermg has been undergone by tlie 

reorganization of farming, 

stricken diseases, our figures will always fall short 

Tf the tk°e ett by a broad margin of intangible suffering that cannot 
be measured m dollars prevention than 

The ,y,, 3 tever the^losses in agriculture, it is the consumer 

does tlie ferine ^ taxes to 

xvho must ebsorlJ m ^ t1,c consumer s 

permit the toer „„,t ,aiue of produce, xxhen it reaches 

stake IS all ttie greai consumers apple 

the consumer, is mu picking, packing shipping stor 

IS the producers . P profits” (Stexens 1933) 

age, and handling. per bushel, becomes a consumers loss 

A farm loss. pC d or^ollars per bushel 

measured in pen" 1 extent hx lughir 

The ’ olies onix the haauards that exist up to hirxist 

pnccs or subsidies, 
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time The consumer’s loss includes these, plus all the forms of loss that 
occur between harvest and the dinner table, and these post-harvest losses 
may be relatively greater than losses on the farm It is not uncommon 
for 25 to 50% of perishable produce to be lost between farm and home 
Accompan>ing volume losses at all stages in production and market- 
ing are the quality losses in produce that finally reaches the ultimate 
consumer, seen, for example, m scabby potatoes from which a thick, 
wasteful paring must be removed, blemished fruit that is unappetizing 
and IS subject to rapid decay m the home, leafy vegetables from which 
a ^\astefully large number of leaves must be removed before reaching 
the uninjured core, and construction timber with incipient stages of 
decay that inevitably mean costly, early replacement 


II How Is Sickness in Plants Recognized and Diagnosed? 

A Stjmptoins as Indicators of Affected Life Processes 
SicIotcss results from abnormal physiological processes in plants 
lysio ogical abnormalities produce symptoms of disease Sometimes 
llieso are very obvious, as in yellowing, wiltmg, or death of tissues, in 
other cases they may be very obscure, recognizable only by careful 
measurements, as with moderately retarded growth that appears normal 
reP'oduotive capacity or seed viability Symptoms are 
I ot the disease although one might be led to think so from the common 
Sv^ni ' <l>soases, such as aster yellows, cotton wilt, or barley stripe 
nlim “i" '' disease, recognizable responses of the 

Lns of , 1 '’’’'“° “®'“ TImy are often accompanied b) 

a di oa , “ "" 'P of P^enee of 

or barriafooze® P“«'«g™><= f'-ng'. 

tomm'’’to'ra™n'°®,h “'i it is ei.s 

.0 c;nLn, In emr "''r d 

lrnm,uilir,„K dnigs not,?.d,‘sUndmE''' ""’P"""' "'omseUes, aspirin .ind 
n The IniUehhial Plant 

in-tlcadarb imdor the a. g.s „f tim la^ P^sTor 
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University. It is not tlie purpose to elaborate here on this since it is 
fully discussed in most textbooks of plant pathology and since the rela- 
tions of symptoms to abnormal physiological processes are considered 
in Part II of this volume. It need only be mentioned that sickness in 
plants is expressed by restricted development, excessive development, 
or death of the plant tissues, each of these reactions taking many forms. 

The diagnostician attempts to understand the nature and degree of 
plant sickness from symptoms and signs. At best, this may be quite diffi- 
cult and often the diagnostician is handicapped by being asked to 
diagnose from a few carelessly selected and handled specimens that are 
atypical and in poor condition for examination, perhaps even exhibiting 
the eEects of a combination of unfavorable influences. 

There is no good substitute for diagnosis of plant sickness m the 
presence of the growing plants. Here the dia^ostician can get the feel 
of the whole problem, his judgment can be aided by appreoiahon of the 
e.i.tent and typical severity of the sickness, the enwronmental mfluences, 
the cultural practices, and the views of the growers. 

The diagnostician must understand the physiology " 

health and in ^ 

abysmal Ignorance of he pracp^la^ 

success ully ^ inevitable in view of the dependence 

epidemic; *ese m h s mm^ we observable effect of the disease, long 

vast areas (Chester, 1939). 

C. The Population 

1 WHS the forerunner of plant pathology. The weaning 
Mycology , E^en today, there are plant pathologists whose 

process has been dUheum ^ ^ 

conclusions are ° .Jffer from a common ailment in the profes- 

cannot see the forest for the trees. 

Sion— mycologicai my disparagement to its basic scientific 

But plant pa ^ ^ dealing with diseased plants. From this 

aspects-emphasizes nothing-the sick population 

viewpoint, the inaivi 

is paramount. percentage of the population is 

diagn-^Xt average degree. The yelloivness of a leaf shouW 
affected and to than the yellowness of the landscape. He 

have less , approach He must relate this, on the one hand, 

requires the stall ^ ,bo other 

to the physiology 
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hand, to productiveness of the population as a whole. This may create 
a serious problem for the diagnostician if he has no normal population 
for comparison with the sick one. Ranking high among the symptoms 
of plant sickness — ^yet often overlooked — is the gross yield of the crop 
and its market grade. 


D. Chronic versus Acute Sickness 
As examples of chronic sickness in man we have the short stature, 
eye defects, and limited life span of certain peoples, also the high inci- 
dence of nonfatal respiratory ailments of residents in smoky cities. 
Plants, too, suffer from chronic ailments that restrict their development 
without producing more obvious symptoms of disease. Chronic sickness 
in plants is revealed in the differences in average acre yields of crops 
from one territory to another and in the differences in width between 
growth rings in the same species of tree growing in different localities. 
Often the statistical approach is the only one that will reveal that certain 
populations are failing to reach “normal” or potential productiveness, 
owing to pathogenic factors, whether environmental or biotic in nature. 
Qironic sickness is commonly overlooked, yet may often be more harm- 
ful to the population than obvious, acute, spectacular sickness. 


E. The Tempo of the Advancing Process of Disease Development 
The outcome of a horse race is determined not so much by the posi- 
nrp"r..nn' „ c any given moment as by the speed at which they 
'ver\' ^ sickness; a single inspection may give 

insneclbB 'he dynamics of disease development. It is like 

oiman picture. Just as an experienced 

sraman can determine the course and speed of a distant ship by signs 

“rcrcn"r,im ov-d ” P'-ytoP-^AoIogisf can 

deercTstann n.cn^™n -^-^'croUng, static, or 

or cZo o! -mportant to give attention to the dynamics 

farcse7fut,l W ‘W* increases our abdity to 

enS-p^rntivr m“.“ 

a. in,crs.als as d'e advanc^' fe^tho 

of disease is lincarlv related to tim -n ^ flowed that the probability 

for appraising the 'a^unt ^f “ "T 

...efiil p..ramc.ers. slope and half-life. Tl.e slope is .rel^^md s^oni:^ 
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populahon of plants, and the half-life is the time for 50% of the healthy 
tissue to be lost The two parameters are very valuable in appraising 
fungicides, varietal susceptibility, environmental effects, and the like 
Large (1945) independently discovered and applied these two 
parameters evtensively (Large 1952, 1958) It seems astonis ing t at so 
few research workers make use of them Van der P an is one o ose 
who has (see Chanter 7 of Volume III) 

A part of the problem of the march of disease is green 

tissue dimmishes as the disease advances Gregory (1948) gives 
cinatmg discussion of the mathematics of t is p lenomenon 


III What Is the Vaeoe of Knowing the Deguee of 
Sickness in Peants? 

Accurate, measured data are fundamental to 
any science This is more difficult m biology than m the physical sciences 
auy science inis is mu mpasurernents that can be made of the 

but nonethe ess of pi„„t sickness find a wide variety 

mtensity, extent, and ^estructivene unportance 

of uses For example, they enable u ( I ) 8 f research and 

of different kmds of disease. eooo°™>'> (<=) 

extension to those that are most h. efficient, the 

which of two control ’ and (d) to obtain quantitative 

other less expensive -<5 of vir.eti^ fungicides, en 
data in research to emnpare P^ advance the 

vironment, and the like mac treating disease, we must be 

science of Pl-t pathology md die art of Hem 

able to express the amount o agencies for gathering 

For all these reasons, 1 ® Ninth International Con 

and reporting plant Vioscow m 1958 (Anon, 1958) The 

ference on the subject was he United Nations publishes The 

Food and Agriculture ®tganiza ion , (1953) has shown the un 

Plant Protection Bulletin froiri ” f (j, at nation Padwick (1956) 

portance of plant diseases in t le e pntisli colonies These are 

has compiled a list of P'""^ „„ ,,y „I1 nations 

examples of the typo of wo . kmowlcdge of the amount of 

Forest disease appraisal determining present and poten- 

advancing disease in a crop c.an 1 tested techniques, die timber 

tial sales vallio of the crop '«’"8 , ,,pnav, relate this to annual 

cruiser can dcterniino the of \iood present, and dins 

mcreasc in the apparent and real projected into future 

determine the s alue of the forest, at pres. 
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years This permits intelligent financial operations in managing and 
marketing the crop of timber Other than in forest pathology, much 
remams to be done in securing and using disease loss data in relation 
to bu>ing and selling farm property, farm taxation, farm mortgages, 
loans, credits, and crop insurance against disease losses 

An important service is rendered to agriculture by the periodic crop 
news and yield forecasts issued by agricultural economists There are 
numerous cases where plant diseases, actmg over a wide area, produce 
important downward revisions of yield estimates by harvest time The 
crop reporter needs to know the relative yield depressing effects of the 
1,1 important disease, insofar as possible, 

cron^de^ 1° ^ given intensity of disease at a given stage in 

crop development IS regularly followed by a given percentage reduc- 

matomlirto m ‘ information can contribute 

their benefits™"^ ^ accuracy and timeliness of yield forecasts, with 
their benefits in more orderly marketing of the crops 

com« noTsfhle m disease on yields, it be- 

totals to detennin disease in the production 

may mfluenceTr control measures 

wL of nmduct ri^i *° sain some conception of the 

The analysis o£ commodit with increased disease control 

for crops will frequently^ be" c’’® of prices 

nffcct of a given d^a l s.h, T”''®'* by definite knowledge of the 
liarvesled crops quality as well as quantity of 

the marketing orproL«*''lf tre during 

iiccurale basis of dati fnr i ^ comprehensive and reasonably 

la"™''! 


become recognized that 
efforts at their prevention u u jesses are not mevitable, and 
fils m both inarkelcr and consumeV""''^"'^ facilitated, with bene- 

ceonomical'and'proEtabl^di'lI^''?^ arop losses is essential in making 
suitable numbersT;:l“afc™^!,*:Y™^'l ■" dispatching 


“uniuers or railroad cars or »n.r.i. * i ‘ 

canning and packing operations and m P''™"'"® 

mnrlr»iin« * * “ijwiis, and m manafTmfT 


marketing of equipment and'Tupphcs Tn storages The 

PirliailarK r ®"PP»'es for co~‘-” 


parliaihrK dependent on factuTT^Irlr* controlling plant diseases is 

'OS the ™nfro,"l“l~'"S dm losses th^ 


v.,.4 , 1 un ia< 

cause. Nvluch determines the control the losses thev 

Tliere is a long hst of agnculluril warranted 

of the onshught of plant sickness Tn *T>’*scs tliat have failed because 
Invc been foreseen Ind tlierc been cases, the hazard could 

• I preciation of the destructiveness 
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of the diseases in question and knowledge of their occurrence or adapta 
tion in the areas of proposed projects An adequate basis for predicting 
the influence of plant sickness on contemplated agricultural ventures 
comprises measurement of the damage which diseases, at given mtensi 
ties, are capable of producing, determination of past extensions of dis 
ease areas and of their present areas by survey methods, study of the 
ecology of diseases to determine the likelihood that a given disease could 
prosper m a new location and environment, and a summarizing of this 
information m disease hazard maps to be used m agricultural planning 
in the same manner and with the same advantages as land use maps or 


soil survey maps , , 

Accurate knowledge of the capacity of plant disease to cause osses 
IS basic in determining tlie limits of safe exchange of agricultural and 
horticultural products, and in gu.dmg disease regulatory activities The 
necessity for, and values of, disease »ntrol by emb^go or -regulation are 
functions of the amount of loss the disease is capable of producing The 
threshold loss amount, above which regulation is justified, and be ow 
which the cost and consequences of regulation would not be warranted 
should be the deciding factor in weighing the desirability of regulatoiy 
measures The capacity of a disease to cause loss cannot be guessed at 

“ “l^e prorpXof plant pathology as a science depends importantly 
Ihe prospemy ui k> receives This support in turn is con 

on the financia ability of plant pathologists to demon 

“ ■"nomic'value of ttir wort The lattt, finalty must rest on 
strate the econ showing in reasonably accurate terms 

the accumulation o diseases ant consequently 

the amounts ^o,t,at has been attained or is in prospect 

the gam from diseas securmg of these data the measurement 

From this point o and comprehensive scale is not just 

I’tl^'rt^l IrtTpathologica. studies, it is vital to the prosperous 
future of the science 


. . Deghee of Sickness in Plants Be Measuhed? 

IV Why Must the liegkee or 

r, PMnf Diseases Must Be Based on Accurate Information 
A Action ago. „ aga.nst agents Uiat destroy our plants 

Ours IS a milita^ „mpaign successfully rvithout knowmg the mcas 
We cannot wage destroy To determine this (and our own 

lire of the ction of our mihtary intelligence service, vuthout 

voilnerability) is a marshal our defensive forces when and where 

which we are unable to m 
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they are most needed Our intelligence service must furnish us with 
measured, exact information on tlie enemy’s capacity for destruction 
Guesses will not do 


B Progress tn Our Science Requires This Exact Information 
Ours IS a science that can fiounsh only if it is based, in all its aspects, 
upon accurately measured data, without which it is not a mature science 
The history of medicine through the past century shows clearly how its 
progress has depended on accurate measurements of structures and 
functions of the healthy and the sick, resulting in more precise diagnosis, 
more effective treatments, and, from the statistical study of sickness and 
morbidity in populations a more rational concentration of medical efforts 
on those diseases that are truly most harmful to man Phytopathology can 
profit from this example 


C Our Present Data on the Degree of Sickness and Loss tn 
Plants Are Very Fragmentary 

Plant disease surveys have never been highly organized and strongly 
supported, with tlie result that existing data on plant disease occurrences, 
intensities, and resultmg losses are incomplete and nonrepresentative 
There has been a tendency to report only extreme cases of disease out- 
break. from which destructiveness averages cannot be derived Many 
reports are of disease occurrences only, without information on their 
scvcnt) Many others indicate severity by such general terms as ‘worse 
han usual, very mjurious.' or unusually prevalent ’ which convey 
hltle meaning to the worker who is unfamiliar with the average situation 
"««« to the analyst who is attempting to 

determine from the reports wlicUier disease outbreaks are general over 
a uide area or localized on a few farms fhe data from sfre imnoul- 

s ailed 0« ng o the personal research interests of mdividual reporters 
sul b dertZ: I 'vdh Z more 

n Oiir Present Da, Me Degree of Siekness and Loss m 
f lanis Are Very Inaccurate 

< apmmt mir'ln!"‘'for'' d°f ‘ “<1 "-dl' 

eaus. nnr estlXs of dms^re" 1 ' 

osscs lia\c often been m serious error. 
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as has been seen when esUmales have been compared with actual 

Horsfall (1930) mentions workers who believed that no damage wa 
caused by powdery mildew of clover, but his measurements showed that 
the disease reduced the crop by 25 to 33?. Wheat leaf 
sidered negligible or even beneficial to wheat until Mams (193°), John- 
:;or(193ll Caldwell and Compton (1939), -<5 
experimentally that the disease reduces the crop by 35? if it desteoys 
thi leaves when the plant is in the blossoming stage, as frequently hap- 
penrManrother examples of gross inaccuracy m our conception of 

disease losses could be cited^ inaccurate estimates. There may be 

Tliere arc many reasons ^I,en unfavorable weather 

kilure to ascribe loss o its act ’ dn„,pij,g.off and root rots, for 

IS blamed for disease os , ppreciate the destructiveness of fac- 

example. There is often year and not spectacular 

tors that are relatively n^pdew and wheat leaf 

nor widely publicized, ss present in a crop, the 

rust mentioned above. If a underestimated or overlooked 

amount of loss which it ca Jifease-free plants. This was the case 

because of lack of contrast t present in practically every potato 

with potato latent " .j .j damage was measured and found to 

plant grown in America, until its aamage 

average 13? loss of p„ healthy crops to temper reports of 

Often there IS a lac ° ^ impression of the importance of dis- 
epidemics, resulting m seasons of high potenUal 

eases. Certain diseases te sustained. This is particularly 

crop yield, which obscur , . abundant rainfall, in dry regions 

true of diseases that are obscure their harmful effects. This 

where the benefits ot u mildew diseases. If, as sometimes 

applies to many of the ru ppp.e] 3 don betsveen the yield-depressmg 

happens, there is ® J , .pjd.elevating effect of freedom from another 
effect of a disease an r egects may cancel one another, or if the 
disease or hazard, e ^ actually be a net yield increase asso- 

second effect be grea e reported of diseases which shorten 

ciated with *e disea^-^^ permitting them to mature their fruits early 

enough to escape frost dam ^ p]uut disease must include all of the 
An estimate of loss ; ^up in the shipment, storage, 

losses sustained, are diseases from which field loss 

and marketing of ) ® ^ ^ ^ condiUon of the harvested crop, such as 
is greater than is i examination of properly cleaned wheat 

bunt ot wheat, m w 
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gram would suggest a much smaller amount of disease in the field than 
was actually present Conversely a disease that is considered negligible 
m the field may cause serious post-harvest losses, as is frequently true 
of tomato anthracnose 

Other inaccuracies in disease loss appraisal result from subjective 
errors of judgment owing to madequate or biased training and expen 
cnce, from nonrepresentative sampling, from using an inappropriate 
method of appraisal or from duplicating and summating loss estimates 
at different stages in the marketing of a crop 

Basic to all these pitfalls is lack of an experimental basis for esti- 
mating disease losses Many examples might be cited showing clearly 
that plant pathologists cannot trust their eyes or even their experienced 
judgment where there is no experimental basis for knowing the amount 
of loss associated with a given intensity of disease 

E The Harmful Effects of These Inaccuracies 
In Section III, above, was discussed the value of accurate informa- 
tion on the degree of sickness m plants and the resulting economic losses 
m connection with research and educational work and with many aspects 
of agricultural economics It is patent that if this information is maccu- 
rate it may not only fail to support each of these activities but may 
even he harmful to them It is quite probable that the discipline of 
ph>topitholog>, with all of its yet unrealized contributions to our econ- 
om) and science, has seriously suffered, m its development, from lack 
of adequate understanding of the economic consequences of plant 
sickness 

V IViiAT Anr tuc Requirements in MrAsuniNC Sickness in Plants? 

A The Obicetwe 

Hie olijcctnc of pilot disease loss appraisal is threefold to detor- 
nime the amount of disease, whieh is the product of its prevalence and 
Its inlcnsits m mdi\ iduil plants, to translate tlie amount of disease into 
loss expressed as percentage of potentml, disease-free crop or in pro- 
duction units, considering both quantitv and quality of the crop, and 
to interpret the effects of tins loss on the cconomj It is recognized that 
the last of llitse, the intenirctation of the effects of loss, is a problem for 
economists and sociologists and lies outside the domain of our experi- 
ineiilal scienw Ncxcrlhcless. it is a xerx neccssarj’ part of the loss prob- 
lem hineq.ial progress has Iieen made tossard these ohjeelives Consider- 
able nttenlion has lieen gisen to measuring the amount of plant sickness. 
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much less to measuring the loss caused by it, and least of all to the 
socioeconomic interpretation of this loss. 

B. The Methods 

The metliods for measuring sickness in plants should meet certain 
requirements. They should be eomprehensive, ultimately embracing a 
major diseases of all major crops, othenvise the assembled data will 
have only limited value for the important purpose of comparing loss 
hazards in order to determine the wisest course in research, educational 

and action procrams. . , , e 

Disease appeal methods should have a practical degree of accuracy^ 
Between the extremes of gross error on the one hand, and minutely 
precise measurements on the other, tliere is a sui able ^ 

disease and loss estimates are sufficienUy accurate to be useful and reli- 
lle within moderate limits, but without reaching an uneconomical 
1 r . - .li.li is unattainable m practice. The width 

degree of preci^iion or one tha “ X,,es depends on several factors, 

of *e permissible ^“ 8 ® estimation, variability of loss from 

including the jh^estimates, and practical considerations, 

given diseases, be comparable from one worker. 

Disease appraisal there are required comparable or 

location, or season to Some progress 

uniform practices through thl use of a standard scale 

made m this direct , .^^5 Second, there is need for standard, 

for estimating cereal *" g^sion factors, formulas, or regressions 
experimentally 

to translate disease “‘“f ^ development, 

been derived; “““y should be objective. They should be so 

Disease “PPra's inHuenced by bias or point of view of 

devis^ that their scientific observer recognizes bias as an ever- 

the observer. ^ will welcome objective criteria for dis- 

present danger in nis wu , ^ 

ease intensity and loss components of disease loss, includ- 

The methods ^ indirect economic effects 

ing quantity and qua y disposal of the crop. Some cases are 

of disease, ho™ P' difficult to analyze. This is a challenge, since 
complex, with tne ^j^^s and new 

understanding ot disease problems where the loss is 

approaches to ,g,. ^nd obscure. Loss in quality of the crop, 

serious, althougn appraise, may have greater signiBcance 

although i is illustrated by tobacco mosaic, where infestation 

than loss in after transplanting reduced the acre 

of the tobacco crop 
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yield by 25%, but so lowered the quabty diat the price dropped by 40%, 
reducing the acre value by 545% (McMurtrey, 1928, 1929) Nursery 
stock and ornamental plants present a special and important problem 
in quality as it affects loss, since a single diseased plant may cause con- 
demnation of large numbers of plants under quarantine laws, and since 
minor blemishes may render ornamental plants unsaleable 

The phytopathologist may often be required to interpret the partial 
and joint effects of two or more concomitant loss factors There is danger 
m overstressmg the factor which is most obvious, most recent in appear- 
ance, or with which the investigator is particularly concerned Such 
cases can usually be resolved, by measuring the effect of each factor 
separately and then combined, aided, for example, by the use of crop 
varieties or pesticides that are specific control measures for one or 
another of the concomitant loss factors Alternatively, statistical treat- 
ments of disease intensity and loss data will often serve properly to 
attribute to each factor its share of the combined damage 

VI How Does One Go about Measueinc Sickness in Plants^ 
Basically, the problem of plant disease loss appraisal consists of 
measuring disease intensity and translating this into loss In this section 
we are concerned with the methods of measuring and recordmg disease 
intensity, while the folloumg section deals with disease mtensity-loss 
relationships By disease intensity is meant the amount of disease present 
m a plant, in a field, or in a geographic region, without reference to the 
d image caused 

A The Methods Depend upon the Purpose 
Measurements of disease intensity arc usu'iUy made for either scien- 
tific or economic reasons ^Vllcn measurements are used as an aid in 
research, as for example, m discriminating betsveen a number of alter 
mine control practices or in comparing the disease reactions of a 
luimhcr of varieties of a crop, it may be necessary that the measure- 
ments l>c lughlj precise and, as a consequence, time consuming and 
costh Altcrmtivcly, if the objective is to determine tlie economic impact 
of a disease, it mav be quite impractical and unnecessary to use the 
rcfinemtnts of disease measurement Umt arc required for research 
purposes 

B Mcamnna Sickness in the Indwidtuil Planl terms That 
m the Population 

Int.mitv of phm disease, as understood here, is a function of tlic 
av.rii;. dt gn-e of s.cVncss m the indu.dua) plant and of the prevalence 
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of affected plants in the population Where destruction of the individual 
plants or of their commercial parts is total, as in tlie head smuts of small 
grams, it suffices to know the percentage of diseased plants in the popu- 
lation More commonly, we must deal with varymg degrees of destruc 
tion in the mdividual plant, combmed with varying percentages o 
affected plants in the population And when a 

organs of the plant in different, harmful ways, as m fire “ S^t “f pome 
fruits, measurement of disease intensity becomes quite complex, althoug 
nonetheless possible and necessary 

C Methods and A.ds for Determmmg the Amount or 
Intensity of Plant Sickness 

1 Number or Per Cent of Diseased Plants, Organs, or Tissues 

, i««i- are total losses and not partial 

When diseased plants or p P ,he 

losses, or when ^11 or phnt parts and conversion of 

same degree, counts of ^iseas measures of disease mtensity 

the counts into per <=o"‘ § recording of disease mtensity as a per 
Whenever its use ^as the distinct advantages that it is 

cent of plants or organs ovided a diseased plant or organ 

uniform from ®Xt the deftaition is easily understood by all 

IS properly defined and th mtensity is most useful and reliable 

This method of ^ m which the entire plant is killed, with 

in dealing with (a) dis ^ Fusarium wilt diseases of cotton 

few plants alid damping off of seedlings, (b) cases 

and other crops, 0“'' billed, are all injured to approxi 

in which diseased P‘“" diseases of vegetatively propagated 

mately the same • mfections, (c) instances in uhich the 

plants, excluding curr correlated with the degree of injury, 

per cent of ‘'ffooted P ^ ^ organs, even if lightly 

as with com smut, t J • commercial st.andpoint, such as crmvn 
affected, are total loss ^^ 5^5 m uliicli 

gall of nursery stocK, • differences in degree of infcc 

diseased plants or tissues are 

tion have little plants or organs differ in degree of attack, is 

A good device wner 

to record the numiOT .g\_o(K_ 90 1-lOCK and reduce tins to a sin- 

cent classes, as ^ disease intensity Horsfall (1945) li is pointed 

gle numerical exp using classes based on the alnlitx of 

out the criminate differences, such as the senes 0-3 3-6. 

the human c'C_to _ -g_g-^ 87-01. 91-97, .and 97-1007 disease 

6-12. 12-25, 25-5U, • 
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With leaf cast diseases, the estimated per cent of defoliation is a prom- 
ising measure of disease intensity that has been too little used Per cent 
of defoliation is frequently well correlated with mtensity of disease on 
leaves that have not yet dropped 


2 Descriptive Scales for Evaluating the Amount of Sickness 

The simplest type of descriptive scale, which unfortunately, is still 
frequently used, is to grade disease in three or more classes under such 
terms as ‘light,’ moderate,” and severe,’ and sometimes, to make 
matters worse, the descriptive word is omitted and the undescnbed 
classes are simply numbered or assigned symbols Such scales may be 
meaningless to workers other than the ones who devised them, since 
moderate disease in a region or season in which the disease is very 
prevalent may correspond to ‘severe” disease in a year or location with 
less abundant disease 

Descriptive scales can be useful if Uie grades are realistic, well 
described usable in practice, and comparable from one worker, location, 
or season to another 

A device that is widely used, with modifications, is McKinney’s 
(1923) infection index’ He used it originally to summarize infection of 
wheat seedlings by root rot diseases Each seedling was classified m 
one of five classes, from healthy to severely diseased Each class was 
given a numerical rating, in this case 000, 0 75, 100, 2 00, and 3 00 
respectively Then, 


Infection =>1' numerical ratings X 100 

Total number of inoculated plants X 3 

Tlio factor 3 mis used in the formula because that was the rating of the 
maximil disease category while the factor 100 converts the final rating 
to a basis ranging from 0 for no disease to 100 where every plant is 
cliseased to the maximal extent ^ 

numbe™ ,* 1 ’° f '■''“"I t^ent instead of arbitratv 

numbers, the disease index may be simplified to the form 

S (Class rating (*) x class frequency) 

Number of plants or organs examined 

wa m?:,red .rZe::^"'^ 

fonr'irti'feml'r,'’' 'Jr ■" -S--' - "'“d.fied 

single expression that is open to stahstieal analysis on the basis that 
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“although the estimates are not necessarily in dnect Imear relation to 
the amount of fungus present they are reducible to a linear function 
of this amount” (Marsh et (tl , 1937) 

3 Logarithmic Versus Arithmetic Scales of Disease Intensity 

Horsfall and Heuberger (1942) used the McKmney index for meas- 
urmg the target spot of disease Later Horsfall (1945) showed that it 
lacked adequacy (1) because the grades were too wide and (2) because 
It Ignores the visual acuity of the human eye which sees in Io^n*ms 
accLmg to the Weber-Fechner law Accordingly Horsfall Barra » 
(1945) devised a new logarithmic scale to make realistic the 
feature of visual acuity Tins scale shifts emphasis 
Below 50% disease the eye discrimmates on the basis of diseased tissue 

s: ™ fd— ». .. A- 1-- " s." 

the scale as published is based on a Tcrnorintr frac- 

lower ends which 25-50, 50-75, 75-37, 87-94. 

tions the scale is 0^. ^ diseased tissue in 

Kth-^ u^its‘ herv ^“:’natr;.::ue m the same units above 
“xhe subcommittee ^ 


Notation 


Degree 


of Disease Intensity 


00 

01 

10 

50 

250 

50 0 

75 0 


93 0 
100 0 


Not seen m field , I. „ „„d lliere, up to I to 2 spots m 12 )d 

Only n fesv plants affected here and U.ere, 

1 . eencral light spotting 

Up to 10 spots per P'^ j lo 

About 50 spots per plant or p 

Nearly evety leaflet svith p,.„, affected 

smell of blight but look gr . jj f deslro>ed, fltld 

Every plant affected aj-d 

looks green, flecked avith Bro . ,„.cd field looks neither green 

About three fourths of . ,„„„gest leases escape Infertion, so 

nor bross-n In some „ ,l,a„ m varieties like King I dssard. 

that green color “ tnfection 

sshieh commonly shea s 

Only 1 


feTsCn. cHCSWn.ain.ngh.it stems green 

dend or 
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essentally what HorsWl and Barratt proposed but it does less well for 
the upper part of the scale Nevertheless, it is a well devised and useful 
descriptive scale winch should result in uniform, comp.ir.iblc disease 
records from different observers, locations, and seasons 

The \alue of such a scale is enhanced if accompanied by photo 
graphs or drawings illustrating the several grades Since the stage of 
development of a plant at the tune of its attack with a given intensity 
of disease is important in determining the amount of loss, good use can 
be made of comparison scales, one for disease intensity, the other for 
growth stage of the plant 


4 Disease Intensity Standards 

A high degree of uniformity m ralmg disease intensity is possible 
when use is made of visual standards, including photographs, drawings, 
or preserved specimens, representative of each of a senes of grades of 
disease intensity A few of these are available, but many more are needed 
for uniform scoring of diverse plant diseases, so that each observer may 
loiow what others mean by their disease classes, so that we may know 
how severe is severe ’ 

The first of these that has come to the writers attention was the pic 
tonal cereal rust scale of the Australian Cobb, in 1890-94 This consisted 
of diagrams of five degrees of rustmess, of from 1% to 50% leaf coverage 
by rust pustules In slightly modified form, it was adopted by the U S 
Dept of Agriculture in 1922 and has been widely used by cereal pathol 
ogists, plant breeders and agronomists in the United States Other com 
parable diagrammatic cereal rust standards with further refinements 
have been developed in Canada, Russia, and Spam (Salazar, 1954) 
Large and Honey (1955) have published diagrams for potato scab 
Chester (1950) fully discusses such standards 

Pioneer work m devising disease intensity standards was done by 
Tehon (1927) and Tehon and Stout (1930) in connection with their 
plant disease surveys of Illinois They have furnished excellent series of 
standards, in the form of line drawmgs, illustrating disease intensity 
grades for Septoria leaf spot of wheat halo blight of oats, cherry and 
plum leaf spots diffuse and spot types of apple scab apple blotch, the 
leaf phase of apple black rot and bacterial spot of peach leaves 

5 Correlations of Different Expressions of Disease Intensity 

It would be very helpful m disease appraisal if two or more expres 
sions of disease were well correlated one with another If there should 
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be a high degree of correlation between root decay and some above 
ground symptom, for example, some of the labor and time mvolved m 
digging up and examining roots would be saved. If two observers should 
report intensities of a given disease in terms of two different expressions 
of disease that are well correlated, a valid comparison of the results 

could be made. , , r. ^^r. 

It seems very reasonable to suppose that there often is a regular 

correlation between per cent of plants affected, per cent of per 

plant affected, and degree of infection per 

on one organ is the direct result of disease m another organ a high cor- 
relation between the JioL^u^^^^^^ thom'retween 

aturecontams many examples of suc cor ’ ^ 

per cent of dead between per cent of plants 

disease (“U g,,l, per plant, and 

infested with nema , (Godfrey, 1934), between injury to 

nematode population in the “ * 1 , i^eNew, 1943), and between 

tomato vines and oSe fnii.s ( 1944). 

spr^mjury of f however, where such correlations do not 

There me other for example, there is independent 

, exist. In the case leaves, Uvigs, and fruits, among dif- 

variation in "t of d.sea same situation. With 

ferent apple varieties. ApP « b each be appraised, since 

fhram:r ordLeme’ L one type of organ may give no valid index of 
the amount in another organ. 

6. Forest Disease App ^ developed in forest pathology, having 
This subject has bee mensuration. Since it is extensively 

become a leading pnas (g,ence books, it is not fitting to give it 

treated in forestry text anu 

more than passing problem and one in which appraisal is 

Wood decay is tue . hidden from view. Direct c.x.amin.a- 

difficult because the >") - ^.jihin standing trees is costly and 

tion to determine tlie . ,j basis, yet it is necessary to know the 

impractical e.xcept o . ‘ determine v.aluc of the timber 

approximate amount ot n J 

and optimal ^ fruiting bodies on the surface of tree trunlj 

Tbe P^of"“,‘’‘i„ee these develop only after decay is well advan^^ 
is not very helpb' ' eorrehations. liosvever. Witli top or tnmk-rot of 
Tliero are otlicr, jitcs found a good correlation Iwtwccn svood 

oak. Hepting and ms a 
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decay and rotten branch stubs, surface injuries, and blind knots on the 
bole In the case of butt-rot of oak there is a high correlation with fire 
wounds A formula relating age and width of tlic \\ ounds to the amount 
of butt cull has been derived and used both for determining the amount 
of cull at the time of surveying and for predicting its amount in the 
future A very practical use of correlations is seen in tlie analysis of 
tree rings to determine the occurrence and seventy of defoliation and 
other plant injuries m earlier years 

For direct examination of the internal condition of trees, use has 
long been made of the increment borer, which extracts a pencil like core 
of wood, radially from bark to center of the tree, giving an index both 
of tree growth (annual rings) and amount and type of decay Among 
new methods of internally sampling trees are the use of X-rays and 
radiographs, it is possible that radar might be used for the same purpose 


D Integrating Disease Intensity Data 

Having measured disease on individual plants, the readings must be 
integrated for numerous purposes 

The McKinney index has many uses, among which are disease survey- 
ing, evaluation of disease in diflferent crop varieties, and evaluation of 
the efBcacy of fungicides and other means of disease control In using the 
indexes, judgment is needed in assignmg arbitrary ratmgs to the several 
disease classes Where possible, each class rating should reflect the rela- 
tive intensity of disease or damage in comparison vith ratings of other 
classes Class ratings of 0. 1. 2 3. and 4. for example, would be most 
appropriate if plants or organs in class 4 have four times the disease 
intensity of those in class 1, twice as much as those m class 2, etc If 
in assi^ing the class ratings with absolute disease intensity 
twelves w.Il have absolute, not 

be preferable Van"ax.thS‘or 

lowmeToriTf’ “t cereal disease, used the fol 

expressed as per cent 

jrgq^^ each class X ^ infected culms 
total number of culms examined 

precise and ac^c^ftrdiselse method gives highly 

according to Horsfall (1930) ,s disadvantage, 

suminc Yet thi*? Tn'>v u ^ laborious and time con 

ng Yet this may not be a senous drsadvantage, for Tehon has shown 
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that the method can be used on a statewide basis, year after year The 
formulas suggest more effort than is actually required in many cases 
With general outbreaks of some diseases, such as cereal rusts 
scab, prevalence is usually 100%, which can be easily ascertaine is 
eases such as smuts can be quickly estimated by simp e countmg 
time spent in traveling from one field or orchard to another is such a 
large element in the survey cost that a fanly thorough — ation at 
each stopping point is justified However, if the 
fled without undesirable loss in accuracy, this f 

method of simplification which deserves consi era ion between 

relations If a constant relationship can be shown for example, between 

per cent of trees affected, per 

degree of attack per organ, then all ot these values 

be determmed “dependently 

In extending disease the method used 

McK,n„ey disease severity 

index, with the form 

X f field rating class^^a^ge m cla ss) 

— “Total acreage 

II., /.Inssified in a series of grades, from 0 to 
The field ratings are . ( „„ae v.alues could also be used 

lOOg disease intensity, but ? -a poex (1925, 1928) in France, 

Naumov (1924) „ i,„ve described methods of summa- 

and Yoshimura (19M) m P principle from 

rizing disease intensities 
those given above 

E Methods of Samplms and Surveyrng 

a nnnraisal data to achieve full usefulness in relation 

For plant disease »PP reprcscnLitire cross-scctions of the disease 
to economics, we mus ' or nations Such data can best 

hazards involving " ho surveys— planned and uniform samplings 

be obtained b> plant d'sonso 
throughout the areas mvobed 

^.,,1 p/fTfiriins u/ o Sufi'Cy 

1 Orgnnlra/ion objcctn cs, their objectives 

Plant disease suiaevs^^ „ppl, cation of the results, their 

should be olc.ariv .j (j,,. specific objectives, and thev should 

methods rj.orough to permit reliable conclusions At tunes it mvv 
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be desirable to study very thoroughly a limited number of fields uhile 
in other cases it may be useful to have less precise data from many ran- 
dom samples scattered over a broad area Sometimes the two methods 
may be combined The degree of thoroughness that is desirable, >ct 
economical, depends on the objective In some cases, data on presence 
or absence of a disease are sufficient, m others, it may be necessary to 
determme, with greater or lesser accuracy, the concentration of disease 
present Some diseases, such as tlic cereal rusts, affect great acreages 
rather uniformly, and here fewer samplings are needed than with 
diseases where occurrence depends more on local environmental or agri- 
cultural conditions General utility surveys are broad, less intensive, and 
less exact than special purpose surveys, such as those designed to aid 
plant disease research 


2 Kinds of Sampling 

We distinguish crop (or commodity) sampling and opinion sampling, 
both of which are useful in plant disease appraisal The former consists 
of evaluatmg a part of the crop, before or after harvest, and of consider- 
ing the findings as evidence of the quantity and quality of the whole 
The sample may be a few plants in a field, a few fields in a county, a 
few counties in a state, a few states in a region, or a combination of 
these In opinion sampling, which is illustrated by the U S Crop Report 
ing Service, the sample is a part of the human population and the data 
obtained consist of the opinions of the people m the sample regarding 
any question asked them 


Several methods of crop or opmion sampling are recognized Random 
sampling is illustrated by appraising a crop Eeld at every n«> mile indi- 
cated on an automobile speedometer Area sampling might involve exam- 
inmg all fields in random areas Stratified sampling consists of sampling 
^ ^ complex, in proportion to the known prevalence of 

ealhnT"‘fi"m‘''‘i sample examining 10 wheat fields for 

thfh^f S wheat acreage is 10 times 

the DonXf'“^''h®^ “ ™ P"P“we sampling all or nearly all of 

the population havmg narrmvly specified characteristics is sampled as 
m disease appraisal of the fields of all growers of certified seed p^les 


3 Nature of the Sample 

var^so ™ddv wirtt”™'’” ^ 

biological circumstances'' tliriTe le mns? ifmTthfditst^n m'sorne 
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of the basic principles The subject is treated m greater detail in the 
writer's monograph on plant disease losses (Chester, 19 d ) 

Of the factors which determme the time, number, size, and type o 

samples, two are outstanding and diametrically opposed-reliability and 

economy Neither can be mcreased except at the expense of the other 
The preferred schedule of sampling must be/ “mprom^e which avo^s 
the expense of mcreasing accuracy beyond the 

give a practical, reasonably satisfactory answer to the problem at hand 
Ihe optimal size and number of samples vanes with crop disease en- 
vironment, the degree of skill and bias of the appraiser ° Je 

appraisal methods, and other 

of the disease situation and its variability before one can determine 

opUmal size and number uniformly it is distributed, 

■^e more disease f n degree of reliability Usuallv, 

the fewer samples are distributed than those that are 

air borne diseases are n’®"® agents than the wind The more 

s//me or are the more uniform will be the 

the host plant IS unifonn g methods of sampling, 

distribution of disease as a ru economical should be chosen 

i. •> •»"' 

before adopting /y °ne tolerated m 

If one can decide tn b straightforward mathematical proh- 
samplmg and survejnng ' number of samples that will 

lem to determme the m This is standard practice m 

yield results within tne ‘logical illustration is Femow's pro 
timber cruising A gooa i r , f saramg disease content, slioumg 
scription for ®'’n'P*“’S P° the stock, a dOO tuber sample Mill 

for example, that witi jg error, with odds of 10 1 If the 

reveal the disease con en consist of 2735 tubers (Ter 

odds are 30 1, the ®^jnP 063) Sampling practices for determining 

now, 1944, Chester, o jes eloped, are often applicable to plant 

crop jaelds, which are well 

disease appraisal 

, . Cnniii/ing anrf SurLcying 

4 Frocce arcs u irrcgularK distributed 

Plant diseases and another Diseases also often show 

through a field or ro ^ greater or lesser dlseise inlensils 

„.e uell kno///o. or rcijjon Disease appraisers, unless tlies 

at the margin of ’ P , ' |I,c personal factor, lend to select samples 

base some means of nmnf. 
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that are not truly representative, from more heavily diseased areas or 
from the “best” of a field or fields of a region. To avoid this error, 
ingenious methods of obtaining random samples have been devised, and 
comparable methods should form part of regular sampling practiee. 

Suitable random samples are obtained by observance of a few prin- 
ciples Avoid border effect by working well away from the edges of 
fields or regions of infestation. Use mechanical devices to eliminate 
subjective error, such as taking samples at measured intervals along a 
compass line. Distribute the samples widely over the area being sampled. 
Make use of mechanical, nonsubjective aids such as sampling the 
plants within a wire loop thrown at random out into a field, or the 
grain trier which combines many small samples into a composite whole. 

In exceptional cases, nonrandom sampling may be desirable. In a 
survey for rare or new diseases, for example, with emphasis on discovery 
rather than measure of prevalence, it would be justifiable to concentrate 
attention on farms that are uncared for or abandoned— where no effort 
is made to control disease— -or on botanical gardens where there is a 
rich collection of unusual species or varieties of plants, and plants that 
are recent imports. The whole problem of sampling reduces itself to the 
need for using common sense and native ingenuity rather than rule of 
thumb. 


When samplmg is extended to wide areas it becomes necessary and 
useful to adopt shot-gun methods Among these are roadside appraisal, 
without field sampling, which has been used successfully in surveying 
for Texas root rot, among other diseases. In this case, effort must be 
made to eliminate the error caused by border effect. Airplane surveying 
IS especial y useful with those diseases that show their destructiveness 
^ IS ance (see Colwell. 1956). Good opportunities in plant disease 
ppraisal he ahead in use of color photography in combination with 

fhafis eheane Z telephone as an adjunct to surveying, 

ha itvTin^™ f 8“°'™ "^od in travel. It is a method 

mat aeserves more extensive use. 

area^s‘\t tono'Zf oonseqnences over broad 
and weighted as to le Tu, “o so devised 

competence of data *sources^*^in,e 

College and on a smalG u . v in 1°'™ State 

Agricultural’ Service samp!ing^promm'*“lf 

average opinion about plant di"«ias^ 000“ a^dtsset, ^0"^ 
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weighted in such a way as to insure that each element in the human 
sample will be proportionate to its representation in the total population. 

VII. How Much Sickness Cobbesponds to How Much Loss? 

A. The Disease Intensity-Loss Ratio 

Having determined the intensity of plant disease, it becomes neces- 
sary to establish the numerical relationship that exists behveen disease 
intensity and the loss produced, the second major step in plant disease 
appraisal. We are only led into error if we conclude that because a dis- 
ease is abundant, a high loss necessarily results, or Ae reverse of th . 
Judgment or intuition cannot be trusted, we must learn from investi- 
gations the amount of loss associated with given disease “ten^t^ 
Such investigations are of trvo classes; 
may be used or the experimental approach may be followed Here the 
may ne useu p discussion of statistical and historical 

discussion IS limited to the latter, rhesfpr’s 

methods for relating loss to disease intensity will be found m Chesters 

work (1950). 

B. Greenhouse Infection Experiments 

, , • /^l: I'nforh'off certain plants with disease, under 

This , guying others uninfected or protecting them 

greenhouse disease intensity, and comparing crop 

from mfection, me g ^ j pf control over environment and 

yields. Thisinethod has theadvan^^^^^^ 

disease situation. It has ^ „d with field conditions. It is a 

:“:tfbVt ^.ould be- supplemented with field tests in many 
instances. 

c Field Plot or Bed Infection Lxperiments 

■ .1 • p,clhod di5C.asc is introduced into plants that arc grow- 

In using this met conditions, .and the yields from the dise.ascd 

ing under normal comp.arabIe plots of uninoailatcd. 

plants are compMC advantage of the method lies in the normal 

healthy plants. ■ which the experiment is conducted. Tlie dis- 

growing conditions numerous environmental and patholog- 

adv.mtages are la ^ (|,g natural occurrence of disease in the 

ical factors controls. In Iwtii greenhouse and field experi- 

plots ? '-Umlogical and field expcrimcnial methods are used, 

mcnls, ''""““''‘l,; l^cd plot design that will permit statistical an.ilysis 
including nn npl 
of the results. 
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D Plantings from Diseased and Healthy Propagating Materials 
In this case, differences in disease occurrence and intensity result 
from using seed or vegetative reproductive materials that are naturally 
or artificially infected Examples are the use of smut-infested grain seed 
and of virus infected potato tubers 

E Comparison of Yields of Rogued and Unrogtted Plantings 
To secure comparable diseased and disease free plots in the presence 
of natural infestation, diseased plants may be removed from one, and 
healthy plants from the other This technique, which is particularly use- 
ful with virus diseases, has greatest value when an excessive planting 
rate is used and the roguing, with additional thinning, leaves the 
healthly and diseased plantings — ^with similar stands — with desired de- 
gree of umfoim spacing 


The Cultural Method 

This involves a comparison of yields of relatively diseased and heal 
thy crops, the disease occurring naturally, with the degrees of disease 
being due to differences in cultural conditions, such as different methods 
of soil management Studies by this method are subject to serious error, 
owing to the fact that the cultural differences have direct effects on yield 
^vels in addition to their indirect effects m mcreasmg or decreasing 
disease Yet in some cases this source of error can be minimized, and m 
any case data obtained by this method are useful in confirming the 
results of more accurate experimental procedures 


G The Individual Method 

This procedure coirsists in selecting from a planting a given number 
f diseased plants and a like nnmber of healthy plants, assessing the 
“mparing yields The method has the advan- 
■,‘nv rit n *“ nonexperimental planting in which 

nrLed re ' A diseased plants may be found It is standard 

•nirmtila, -ood deLy appraisal 

in which disens it ff ™d reliable in appraismg diseases 

n which disease differences are due primarily to chLce and not to 

Si: “irs " 

disease intensity'^ becauscTf"cXOTmeTff"‘™ Populations, differing in 
j cause ot environmental factors associated with differ- 
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ences in terrain or because of deferences in exposure to disease inoculum, 
although comparable m other respects While useful m some cases, the 
topographical method is subject to criticism that variations m terrain 
result m differences m yields quite apart from the effects of disease 

H Compamon of Fields with Different Amounts of Natural Infection 
This IS an extension of the mdividual method, 

iniii ibaucAL , « ^ limitation is that different 

than individual plants m a environmental 

i”„- ir".£ a ~ -L. 

I C.«,™ •( M* ^ !>.«•« «•— ' •"<1 <^•’”'2 

^ K. j -^c Hicpase loss relationships using populations 

This mvolves a study ^ disease attach owing to 

having mdividuals ^ susceptibility It involves comparing yields 

genetic differences m disea selections from a single crop 

of resistant and ^u oephh^ , b?,dizaUon It is convenient to use at the 
variety, or segregates tr pjant breeding experiments 

same time and with the s different geno 

The most serious 5°"™ y capacity as veil as in disease reaction, 

types may differ in m le J p^sence of disease may not be strictly 
so that yield allerati danger may be minmiizcd by (1) use 

the result of the ,u offset errors caused by certain of them 

of large numbers ot n ^ similar except for disease reaction, 

(2) use of genotypes that „,,„g data from v.eld 



nthod of determining the amounts of loss caused by 
Tins major j^oasc is basicalK a comparison betueen 

gixen °„f’ri,c same disease susceptible crop xaricty. exjmsed 

\ields of ‘"‘’'’'wL lbc plants of one plot hi\c been protected from 
to disease, m nhicli ^ ^ uilli annroMtl 


to disease, m ^ mdard field plot techniques witli appro\<*d 

infection b\ a consideration of Iwrdcr effect, and anihsis 

design, replications, 
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of the significance of the data obtained, arc integral elements of this 
method of disease appraisal 

Much use has been made of this method Protective seed treatments 
have been widely used m studying the losses from dampmg-off. Soil 
disinfestation has been used in measurmg losses from various soil-bome 
diseases and pests Sulfur dustmg has revealed the degree of damage 
from cereal rusts Spraying and dusting of fruits and vegetables have 
Yielded valuable information on losses from various diseases of these 
crops 

An important source of error m such experiments is the direct effect 
of the pesticide on yield, apart from controlling disease This can and 
should be measured m disease-free situations, with the results used to 
modify conclusions from pesticide trials The direct effect of the pesti- 
cide may be to increase yields, as with application of copper pesticides 
to copper-hungry plants, or the reverse, m cases of spray injury By 
using graded senes of pesticide applications it is possible to plot curves 
showing the relationship of disease to yield at different levels of disease 
intensity or at different stages in the maturity of the crop If those con- 
ducting pesticide experiments, for whatever purpose, would regularlj 
make a practice of reporting disease intensities along with yields — a 
practice which is often omitted — the data would provide a wealth of 
needed information on disease-loss relationships 


K Artifictal Mutilation 

Frequently, the student of loss appraisal will find data, principles, 
and conclusions which, although derived for an entirely different pur 
pose bear directly on disease-loss appraisal This is the case with expen- 
ments involvmg artificial removal of leaves, whether performed m study 

of ftoit size control, plant 

bssrlrom “‘d understanding 

losses Irom many types of leaf diseases 

It ifgTnemUvwZ!" )T “‘"dies are these 

of a Sr nroiW defoliation, at any stage in the development 

and S redimtr ’'“‘d In most eases, defoliation 

steepWith eaTadr/”' P™P”'>onate. the loss curve rising more 

m emps, "cruse a^fetet ‘shoTlI^ ““'’“'‘If'" '—‘I 

ship with mcreasing degrees of defoliaho”"® disproportionate relation- 
The effects of dcfoLtior 

monly being most harmful when the nla^ i 

en the plant loses leaves after its structure 
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has been differentiated, when it is too late for replacement leaves to 
form, yet before the foliage has served its photosynthetic fonction. Loss 
of leaves is least detrimental under drought conditions, since their loss 
reduces transpiration. With perennials, the loss o eaves can re uce 
yields both in the current season and in succeeding ones. Different sops 
and different varieties of the same crop suffer to different e.xtents from 
the same amount of defoliation. Loss of leaves frequently has effect 
that are useful to man. such as acclerating maturity of a crop “r 
tating its harvest, and these advantages may largely offset the accom- 

.ppi*. » s: 

n, p. Ip” -S b,: 

pd f of our traditional concepts of the 

fohage diseases. It stimulates the investigation 

damage from disease, confirms o , T,lanf 

of sol of the little-knmvn aspects of the economics of plant disease. 

VIII. How Cak These Measobemenus Be SuMMAniEm anu AKAEAtEEu? 

A Correlation between Disease Intensity and Yields 

■ j p.^inintr loss from plant diseases are quantitative 
Experiments techniques in experimental design and 

experiments. ^ squired in other quantitative 

statistical analysis of uncontrolled variation in 

biological studies where ‘ ^ environments. With these pre- 
repetitions of trea^en s, ’ j ; statistically and cconom- 

cautions taken, it b”. f Si”vecn disease intensities and yields, 
ically significant relation relationships may be simply 

With sufficient d . correlation. This not only brings out the 
expressed responsible for yield reductions, but also, by 

extent to which j^. possible to allocate the fractions of total 

using partial ’yo^I injurious factors acting as a complex, 

yield reduction due lo interrelations of common root rot 

The study of ballan t excellent illustration of this 

and other factors wi correlations lietxvccn rainfall, tem- 

mcdiod. From his si P ond yield, it w.is possible to dcsclop 

r;^eTfo™ula“whlob aet^unted for 77.ST of the variance in yield in 
terms of these factors. 

B Correlation between Stands and Yields 
. . „irecl of a disease is to thin out stands, the loss 
If the P"""'’, ,„e ;nn of the extent lo svhich stands ami yields are 
caused "j‘’'jb^jJ„etion of stand docs not seriously rcslucc yield, liecause 
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of compensation for missing plants by greater productivity of adjacent 
ones the disease ma> be of little significance Many of the available 
data on disease intensity, especially from seed treatment experiments, 
are reported in terms of stand, not of yield, but if stand yield rela- 
tionship is known, as well as tliat between disease and stands, it might 
be possible to determine losses from disease intensity data on the simple 
basis that if A B and B C are known, A C can be calculated 

Loss m stand is not usually proportionate to loss in yield This is 
because seeds are often planted at excessive rate, with some beneficial 
thinning and because when a plant succumbs, the adjacent ones can 
often benefit by the space made available, thus partially or entirely 
compensating for the missing plant The case is complicated when the 
disease which thms tlie stand also has residual harmful effects on the 
surviving plants, as in soreshin of cotton following Rhizoctonia damping- 
off Such complication can be analyzed by suitable experiments compar- 
ing thinning from disease with thinning by mechanical removal of 
plants 

Agronomic data on stands and yields of com illustrate the effect of 
compensation In an illustrative case, if a normal, complete stand is 
taken as 100%, a 50% but fairly uniform stand will produce not as 
much com but about % as much, a 65% stand % as much, and 90% stand 
97% as much corn as the 100% stand If the stand is irregularly reduced, 
with occasional wide gaps between plants, compensation is less effective 
Similarly with potatoes, the two plants adjacent to a missing hill com 
pensate for about of the potential yield of the lost hill A skip of 2 
hills would be li/o hills lost, a 3 hill skip, 21/2 hills lost, etc These rela- 
tionships are very much mfluenced by soil, climate, and crop variety 
Some crops can compensate for missing plants to a much higher degree 
than others With crops without weed control measures, skips in the 

effect prevents the compensation 


C Formulas of Disease Intensity Loss Relationships 

"<^oefficient of injury (or damage)" has been variously 
used in an attempt to devise numencat expressions of loss in relation 

bv dLaTe T ""f T ? '^'=<=1= Of dnrotion ot attack 

Ih^ sarc terl f id ’ “ Kkmm (1940) has used 

heal iTpS Z Z “7".^ = -hore a = yield of 

where P-fte plants The loss, C = PQ /lOO 

tZp - -- 
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In Russia. Yachevski (1929) used a term coefficient of damage to 
express the relation of jield under definite conditions of disease (b) to 
yield of healthy plants (a), or b/a X 100. which gives Ae per cent of a 
normal crop remaining after disease has taken its toll The coefficien 
damage’ of Lubimenko (1933) is that factor hy which it is necessary 
to multiply the degree of damage of the vegetative organs to obtain 
the actual effect of the damage, i e . the amount of loss m quantity and 
quality of the yield This was used m artificial defoliation experiments 

With the form 

Per cent yield reduction 

p^TcentTeaf^eductioV 

j 11 Vip 'innhed to any disease that defoliates plants 

and might equally well “PP ~ expressed by the formula 

To Naumov (1939) “efficie diseased plants 

Ry/x, where y = „ „ormal yield, while R is a constant 

expressed as per cent of theore y^^^ compared by usmg an 

example Suppose that a crop. ^ disease that destroys 30% 

yield 20 bushels to the acre ^^^b) 

of the leaves during “ ® „ , 252 loss). Yachevski s would be 

Klemm’s coefficient . „d Naumovs would be 0 2 multiplied 

7S (le. 75® of a nomal crop), an^d N 

by some constant, wliion to 

ures Lubimenkos coeffic" , 0 ^^ ( 25 ,) 

yield reduction. coefficient would be 5® loss per week of 

Gassner and Straibs mj y yachevski s coefficients, while simple, fail 
disease attack Klemms intensity loss tables and regies 

to consider disease intensity, 
sions discussed below 

D Disease Intensity Loss Tables 
. the approximate amount of loss is given for each of 
Tables in which m ^ considermg also tlie time of attack, are 
a series of disease oppjmsal but except m forest palliology very 
useful devices tor knoivn, perhaps, are the tables relating 

few of these are avai stages of maturity of the crop, to ensuant 

cereal rust mtensiV; useful tables and curves relating 

loss Intaestpatholow- stated, permis 

loss (cull) to O s broad .applicability of any such tables c.an 

sible degrees Ot en p o, 

be established onT^‘ .hological situations 
Species, hibitaci, * 
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E Rcjrc5sians of Disease Intensity on 1 tcld 
Regiessions straight lines, or curves relating disease intensity and 
vield have been used very successfully in depicting the losses caused 
by numerous types of disease A regression tolls us, for each unit of 
disease intensity the per cent or amount of resulting loss With a good 
regression available, one can read off tlie amounts directly, having deter- 
mined the disease intensity, interpolating between experimentally deter- 
mined points and extrapolatmg to the 0 and 1002 disease points They 
give a basis for forecasting losses when time of disease attack is a factor 
in the regression Using regressions one can also analyze a series of 
interwoven factors relating to disease and yield 

The methods of derivmg regressions and testmg them for significance 
and for linearity are found in standard works on statistical methods 
While regressions are convenient ways of expressing disease loss relation 
ships they are only as valid as the data from which they are derived 
We have seen that disease intensity loss relations may vary with variety 
of crop stram of pathogen, and environment m which disease develops 
The regression of disease on yield derived from data that apply only to 
certain limited conditions, will itself have application only to those con- 
ditions Fortunately, many of the findings of loss appraisal experiments 
have rather wide application withm the range of error that is permissible 
for loss estimation 


The literature on plant diseases and their effects on yields contams 
many raw data that are suitable for analysis by use of regressions, 
although this has not been done in the published reports An example 
is McLaughlms analysis of Grams data on potato leaf roll and yields 
^ ^fer ^ Imear regression was shown, mdicatmg 

^ disease there was a 0 67% yield decrease 

V ^ appraisal this suggests the 

value that lies m a search for such data and then- appropriate analysis 


F Extension of Loss Calculations to Large Regions 

disJase''int™T,r"®f''‘''T countries. (1) the 

t^p acrcaae ih 'f averaged, weighting for the 

rnverled mto^i suF areas, with the final mean disease mtensity 
are converted inlT^t '“f i” ““!°sities for the sub areas 

Td the WsTe s ”, i”'”’ ” ” ■" production, 

ana the losses are summated or averaged, weighting for tL sizes of 

“sure for totfl loss 

Plant Disease Reporter, in calculating loss, considers that 
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Po,s.bIe production = 

lOOS—% loss from disease(s) 


The loss caused by disease is tlic produet of possible production X par 
cent disease loss To multiply actual production by per cent loss is a 
fallacy wliicli is avoided here If disease is causing a 50% loss in a crop 
that actually produced 1000 bushels, the loss is not 500 but 1000 bushels, 
because the 1000 bushels actually harvested were only half a potential 
crop 

As a good, t)'pical example Horsfall (1930) determined, in the case 
of Macrosportum leaf spot of red clover, that each 1% of leaf spot 
infection results in a 0 25J hay loss The mean per cent of infection for 
the St.ate xxas estimated by summanzing the individual products of 
acreages X infection per cents and dividing by the total acreage Then 
the loss per cent corresponding to the mean infection per cent was 
applied to the state yield to give the state loss in tons and dollars 


G Application of Loss Ratios to Disease Intensity Data 
Most of the recorded plant disease survey data are in the form of 
disease intensities As intensity loss ratios are developed, it becomes 
possible to go bach through the records of disease intensity and convert 
them mto loss estimates We are just at the begmnmg of this important 
application of plant disease appraisal Few disease intensity loss ratios 
have been derived, and fewer still are the oases m which these ratios 
have been applied to the disease mtensity data of past years Yet such 
information xvould be of great value to phytopathology and to the 
planners of agricultural progress The derivation of loss ratios and then- 
use m converting recorded disease intensities to loss estimates is one of 
the most promismg methods that can be suggested for obtaining exten 
sive and reliable loss data xvith minimal labor and cost 

IX The Rewaed 

This then as the wherewithal for plant disease appraisal, so far as 
we noxv knoxv We have considered the many valuable ends that can 
be served by knowledge of the economic rnipact of our subject— hoxv 

1 and what this means to our economy We have seen 

sick is the plant, anu w j j ^ i 

that the profession of plant pathology itself can progress adequately 
1 if we can recognize, measure, and demonstrate to others the sig 
niLnce of plant disease In a hungry world, with a shnnkmg land area 
to feed and clothe an explosively expanding population we are derelict 
n our duty if we content ourselves with vague approximations of the 
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economic and social significance of plant disease By developing accu- 
racy m appraisal of plant sickness and the losses it causes, we will be 
rewarded by being able to be more effective in research and educational 
efforts, we will provide needed information for agricultural planning and 
marketing activities, and we will enlist greater understanding and uti- 
lization of our efforts and support for them 

In summary, the need for accurate data on plant disease losses is 
very great, this need has not been met, yet the means for doing so are 
available A beginning toward die correction of this neglected opportu 
nity to increase the effectiveness of phytopathological work could be 
made by efforts along the followmg lines 

1 Inclusion of the measurement of disease intensity and determina- 
tion of intensity-loss relationships as a routine part of every formal 
comprehensive plant disease study 

2 Adoption of the measurement and mterpretation of plant disease 
losses as a major field of research by a group of individual pathologists 
who have particular interest in the economic consequences of plant 
sickness 


3 Assembly of published data on disease intensity measurement and 
intcnsity-loss relationships as a start toward a relatively complete survey 
manual on the subject Included should be data gathered for other pur 
poses, that can be ^e^vorked for this purpose This might well be a joint 
product of the group indicated in 2, above 

4 Occasional work conferences of the same group for comparing 
tcc iniques and results and to correct the subjective element in crop loss 
estimation, i e , to “calibrate the observer ” 

5 A course for disease survey workers, including plant disease survey 
personnel commercial crop scouts, agricultural economists, and crop 
census takers m winch the principles evolved under 3 and 4, above, will 

aLr^r''?'^ tapid but accurate 

appraisal of crop loss from disease by these workers 
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I Introduction^ 

^The most common of all the diverse symptoms that characterize dis 
ease m plants are those that reveal the decomposition of tissues m one 
or more structures of the host plant In fact, there are relatively few 
diseases that do not cause a disintegration of plant tissue in some stage 
of the pathological process Rots, blights, and similar diseases mvolvmg 
obvious tissue breakdown were among the earliest maladies of crops 
recognized by man Included among diseases of this type are many of 
the deadliest enemies of crop plants, of which late blight of Irish potatoes 
IS a classic example The spectacular crop destruction and the aftermath 
of human suffering brought about by the epiphytotics of late blight m 
the 19th century have had few parallels in the history of mankmd In 
addition to the dramatic losses caused by the direct attack of pathogens 
on growing crops, an inestimable toll is exacted each year by the more 
insidious rots and decays that aflfect fruits, vegetables, and seeds The 
costs of harvesting, shipping, and marketing such products have risen 
recently to such an extent that they often exceed the basic cost of the 
plant product itself and serve to emphasize the need for control of decay 
losses Furthermore, the decay of heartwood in standing timber by rot 
fungi exceeds fire or any other smgle factor m reducing the volume of 
merdiantable timber in the United States Thus, the economic im 
portance and broad scope of diseases mvolvmg tissue breakdown points 
to the need for basic knowledge of the mechanisms involved 

In the absence of knowledge of the essential causes of disease, symp 
toms revealing changes in normal structure and function logically served 
as the basis for early classifications of plant diseases devised by such 
men as Zalhnger, Adinson, and Fabnems m the 18th century Basically, 
t is approach reflected the influence of early physicians with their con- 
cern for those pathological patterns that would enable them to make 
diagnoses Impressed by the importance of diseases mvolvmg tissue 
disintegration. Fabnems (1774) included “decaymg’ as one of the mam 
classes of disease, and under this classification he listed several “genera” 
such as rot, putrefaction, and canker The terms first recorded in those 
tarl> textbooks s\crc, m most instances, originally coined by the farmers 
It IS of interest to note that little is knoNxm concerning the exact ctymo- 
logical or.g.ns of tl.e^,ord “bUghl- It first appeared m the srnt.ngs of 

"‘'I in the lest P\1C pect.nractl.yl- 

j^tmsr. DP, pectin di^hmcnsc PC. poljEtlacliiromsc, C,, a postulated cnTjmc 

'Ihat'l 1 clnins, C, a pmtu- 

hl«l enrvine lint lodrolyzM /I-l 4 linkapcs con%crt{nc Hneir polytnhydrogUicosc 

cluint Jo ccllobtwc. ami CMC. carbo*>'n.cU.>lccllulosc roiy^nnyarog 
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^ Century as a term used by gardeners and farmers to describe 
a rapid killing of plants The word ‘rot is more ancient in origin, and 
synonyms or similar terms appear in the literature of most Scandinavian 
TOuntries as weJ] as in EngJish wntmgs as early as the 10th century A D 
Anglo Saxon ongm, the word "rot” is considered to be derived from 
the word ret,” used m connection with the process of soaking Bax in 
water with the resultmg maceration of the tissues Other words describ 
mg symptoms of tissue breakdown have more ancient origins than those 
of rot and ‘blight” Canker is considered to be based on the Latin 
word cancer” that was modified later m Old French to ‘chancre” 
Anthracnose” has its origins in two Greek words, anthrax — meaning 
carbuncle, and nose — meaning disease, and may well be one of the 
oldest descriptive terms appbed to a type of tissue breakdown 

The mechanisms by which certam microorganisms are able to con- 
cert healthy plant tissue into a soft or mushy pulp remained almost 
completely unknown until the latter part of tlie 19th century Durmg 
the 100 years m which plant pathology has existed as a science and 
particularly durmg the last decade, our knowledge of these types of 
disease has been greatly extended However, m modem textbooks and 
in recent phytopathological hterature on tissue necroses, most of the 
early descriptive names for necrotic diseases have been retained and as 
a result they have acquired a certain status of usage as scientifio terms 
in the termmology of plant pathology It is recognized that such terms 
may give little msight mto specific mechanisms of disease processes 
In general, most of the diseases involving tissue disintegration are 
caused by organisms that are bio/ogica//y inferior, if one considers the 
highly specialized obligate parasites to be among the elite of the pira 
sites However, the heterogeneity of facultative parasites is great, and 
the destructive potential of a given microorganism is often totalI> unre- 
lated to phytogeny For example, a number of different disease syn- 
dromes can be described by tlie word "rot” However, rots arc trace- 
able to so many distinctly different fungi in such vvidel} seprrated 
taxonomic groups that the diversity m the nature of rots is much less 
than the diversity of the microorganisms that induce tlicm For this 
reason, the organization of the mam portion of tins discussion is based 
on sjTOptomatology and patliological processes in different t>pes of plant 
tissues ratlicr than on tlic different Ij'pcs of organisms involved 

The subject area delineated m this discussion of tissue breakdown Is 
not limited to .a restricted group of plant diseases In a broad sense, it is 
intended to include evorv pathological situation in winch the intigntv 
of nonnal and hcallhj tissue is lost Tins mav involve separation and 
decomposition of the essential stnictiiral conijvoncnts of cell vv.db. dc ifh 
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and degradation of living protoplasts with all concomitant complex 
changes, or combinations of the two 

Major emphasis is placed on processes involved m decomposition of 
plant tissue b> phytopalhogemc fungi or bacteria A detailed discussion 
of the nature of toxins is not included, although they will be mentioned 
wherever they aie mvolved (See Chapter 9, Volume II) Dismtegration 
of plant tissue usually connotes degradation of cell walls, and the discus- 
sion centers around decomposition of cellulose, pectic substances, and 
lignm The structure and chemistry of cellulose, pectic substances, and 
lignin are, therefore, summarized bnefiy Inasmuch as our knowledge of 
the degradation of protoplasm m plant cells is veiy limited, this area 
of information is not emphasized 

II The Nature of Cell Disintegration 
The amount of decomposition of plant tissue reflects the degree of 
disintegration in individual cells This disintegration can be brought 
about m two ways (1) the components of middle lamellae or cell walls 
are decomposed, resulting in separation and collapse of the individual 
cells, and (2) the protoplast is attacked directly, with loss of its integrity 
as a functional unit and injury to cell membranes These effects may 
operate simultaneously, and at least one or more components of the cell 
may disappear completely Since these two major changes often involve 
markedly different mechanisms, they are treated separately below. 

A Disintegration of the Components of Cell Walls of Plants 
In tlie majority of diseased plants where tissue is disorganized, the 
cell M alls arc affected first The haste components of the cell wall, cel- 
lulose, pectic substances, and hgnm as well as non-cellulosic polysac- 
charides, mav be decomposed by enzymes of both pathogenic and 
saprophytic origin Knowledge about the nature of these enzymes and 
about the mechanisms of degradation of these large molecules has been 
gained more from studies on saprophytic microorganisms than on 
ph) topatbogens 

Y Mechanism of Degradation of Cellulose 

In cell walls of higher plants, cellulose is not onl> the major com- 
ponent but It IS also tlie basic unit of the structur.il framework. Cellulose 
is relatively resistant to microbial decomposition, although certain plant 
pathogens and saprophytes degrade it with easc.l As a basis for an 
understanding of this decomposition of cellulose by pliytopathogenic 
organisms, the structure of cellulose and present concepts of the enzymes 
involved m its decomposition are discussed 
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a Structure of Cellulose Cellulose molecules consist of long chams 
of D glucose residues (1400 to 10,000 per chain) linked together through 
/ff-1,4- linkages These linear chains are arranged in a definite pattern 
in cellulose fibers (Preston, 1952, Frey-Wyssling, 1953) The relative 
proportions of crystalline and amorphous cellulose in planrcell walls 
vary considerably -- 

The linear chains are bound laterally by hydrogen bonds or other 
physical forces into narrow thread-like microfibnls which, m turn, are 
aggregated to form fibrils Each microfibril may contain from 280 to SOO 
cellulose chains The mdividual chains in the fibrils vary in *^gree ot 
bnentati dH~~V yhere the orientation is greatest, the tightly packed parallel 
chams f orm crys talline areas Regions m which chams show a more or 
less r^dom arr angem ent~~are designated as amorphous areas Each 
linear cellulose chain because of its length passes through several crystal- 
line and amorphous regions The susceptibility of cellulose to enzymatic 
degradation may be associated with the relative amount of amorphous 
cellulose present In plant cell walls, the intertwining of cellulose fibrils 
forms a porous lattice like structure Submicr oscopi c spa£fis».b etween the 
fibrils form an interconnecting systelTTfJJtU extends tproughout the cell 
wall The spaces are filled with other cell wall constituents which may 
include lignin, pectic substances, or hemicelluloses m varymg proportions 
b Nature of Enzymes Involved tn Cellulose Degradation Cellulose 
can be completely degraded by a succession of enzymatic actions of 
various microorganisms (Siu, 1951, 1954, Sm and Reese, 1953) The large 
cellulose molecules are hydrolyzed by microbial enzymes into simpler 
and smaller units These short cham molecules are then converted into 
glucose and utilized by the degrading microorganism 

Two theories dealmg with the enzymatic hydrolysis of cellulose are 
based on studies of the destruction of textile products by celluloljtic 
organisms Accordm^to the unienzymatic theory, a single cellulase may 
convert native cellulose into glucose bj a random cleavage of the mole 
cule This mechanism was suggested by "Wliitakcr (1953, 1957) on the 
basis of evidence obtained with an electrophoretioally homogeneous 
enzyme preparation from ^hirothenum ocrrucana 

Aitkcn et al (1956) and others agree that a single enz>Tnc con\crls 
cellulose to cellobiose, but regard a ccJlobiasc as necessaiy for the pro- 
duction of glucose Tliere is considerable proof that certain wood rotting 
fungi such as Collyhin vcluttpcs and Polyporus annosus require a /?• 
glucostdasc m addition to cellulase to con\crt cellulose into glucose 
(Norkrans, 1937a, b). Cellulose degradation for these organisms presum 
abU occurs m the following steps* 

natUc cellulose — • ccHoImosc glticos* ^ 
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According to the multienzymatic theory, a senes of enzymes is re- 
quired for hydrolysis of native cellulose to glucose A postulated enzyme, 
Cl IS presumed to act on native cellulose (Reese, 1956) It is thought 
that the Ci enzyme acts mainly on crystalline cellulose which resists the 
uptaVe of moisture because of the tight bonding of the chains/ Presum- 
ably, the action of the enzyme loosens up the chains so that they 
take up water prior to their hydrolysis Thus, the products of Ci activity 
are for the most part msoluble These products are then acted upon by 
the hydrolytic system of Cx enzymes which convert the linear poly- 
anhydroglucose chains to soluble sugars, chiefly cellobiose and glucose 
These sugars are absorbed by the microorganism and utilized inter- 
nally, presumably by the action of ^-gliicosidases or by phosphorolytic 
enzymes 

Certain non cellulolytic microorganisms easily degrade and utilize 
cellulose derivatives such as carboxymethylcellulose (CMC), although 
they are unable to degrade native cellulose (Reese et al , 1950, Reese 
and Levinson, 1952) This has been attributed to the absence of the 
Cl enzyme Several cellulolytic components, Cx’s, have been obtained 
from culture filtrates of Myrothecium vcrrucana and Tnchoderma vtrtde 
by chromatography (GiUigan and Reese, 1954) These components dif- 
fered in their rate of movement in the column, m their activity on various 
substrates, their modes of action, and their behavior in the presence of 
certam mhibitors The evidence that there are several Cx enzymes serves 
to support the multiple en 2 yme theory Halliwell (1957), studying the 
rumen bacteria, has also concluded that several different enzymes are 
involved in the decomposition of cellulose by these organisms The fol- 
lowing diagram gives a summary of the steps proposed by Reese and 
his associates for the microbial decomposition of cellulose 


Niu\t ctlUilosc - 


♦ hydrit ed poly antiydroglu c ose t riVTin 


Cx A B C etc 


cellobi^ glucose 

Filtrates of cellulolytic fungi contain an unknown factor that causes 
an increase m subsequent swelling of cotton fibers m 18% alkali and also 
an increase m the uptake of Congo red (Marsh et al , 1953) The swell- 
ing factor IS cnz^Tnatic in nature and actually shows many similarities 
to the Cx cnz>mc. although it differs from this enzyme with respect to 
pH ncccssirx for optimum activity (Reese and Gilligan 1954) 

Since the unicnz>matic and the muUienz>Tmtic concents of cellulose 
degradation arc each strongly supported by experimental data the differ- 
cnees m the conclusions reported by various investigators cannot be 
rcsoKcd as >ct. IIoMcicr, the m«U,cn7>mal.c hjTiothesis has been guen 
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very strong support by the recent work of Miller and Blum (1956) 
These investigators separated multiple components with Cx activity 
from Myrothectum cellulase by zone electrophoresis over long distances 
The failure to demonstrate multiple components by moving boundary 
electrophoresis (Whitaker, 1953) with a purified Mijrothecmm cellulase 
may have resulted from the use of very short migration distances In 
addition to the mounting evidence for tlie complexity of the enzymatic 
degradation of cellulose by certain fungi that attack textile products, it 
is also becoming apparent that microorganisms may differ in the types 
of cellulolytic enzyme systems that are produced 

The degradation of cellulose in woody tissue containing hgnin is 
mainly caused by a specialized group of fungi in the Hymenomycetcs 
If one assumes the existence of a distinct C, enzjone that is required for 
conversion of the native cellulose m non hgnified tissue to hydrated an 
hydroglucose chains, the mability of many organisms that form (he Ci 
enzyme to degrade wood might indicate that a separate or distinct t>’pe 
of cellulase is formed by the wood decay fungi (Couling, 1958) How- 
ever, the mability of textile destroying fungi with effective cellulolytic 
enzvme systems to decay wood may also indicate inability to penetrate 
and spread through the walls of x\oody cells rather tlian an inability 
to utilize the cellulose m hgniBed hssue 

The mechanisms of cellulose breakdown have been examined \Mth 
only a few plant pathogens other than wood doca> fungi It is perhaps 
premature to attempt to relate the findings based on work with textile- 
degrading fungi to plant pathogens Tlic fact that some organisms do 
not degrade native cellulose in culture flasks m laboratory experiments 
is not evidence that they do not do so in living plants Tlic cellulose sub 
strates used in the laboratory for studies on cellulolytic cnz>Tncs are not 
necessarily the same as those m the cell xxalJs of either a living plant or 
a dead and intact one rurthcrmorc, in nature, certain organisms con 
sidcrcd to be non ccllulob he max produce a celluHsc for wliicli the 
optimal conditions ma> not be provided in test tube experiments Ver\ 
feu of the fabnc-destrojing organisms also arc pilliogcns of licrhicoous 
or x\ood\ plants, and as \el, the abilitx of pathogenic orginisms to fnnn 
cclluloljtjc enzymes Ins not liccn related to tlieir pithogenic i>otinlnl 


2 Dcpomposition of Pcctic Substances 

siihstanct^s arc ^Hloidal carbohxdratS^ of hig h molccujiT 


uciglit tint rank cc lln hw in rrhtivo a lmndancc^ m-ccILu »albjif_ 

bcrin ccous plants j Poctic^substances mnin rami>oiunts of 

mufflle tainothc j)f colh m par cndixanatonsjissucs of high* r pi mtx *n^ 
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form main_deposits in the m termicell ar space^ of the cellulose fr^me- 
of primary cell walls of herbaceous glan^ 

Unlike cellulose and hgnm, pectic compounds are relatively suscep- 
tible to enzymatic at tack by pla^ paih ogens as wei rarIjyTfiany" s apro- 
phyticjfungi and bacteria _ 

y„J'^uon c/ 2 pts_ as to Structure and Occurrence of PecUc Substances in 
Plant Cell Walls The pectic substances in plant cell walls are of three 
general types (1) pectic acid, (^]jpectm, andcili) protopectm (Kertesz, 
1951, McCready and (!fwens, 1954) Pect ic acid is a line ar chamjuok£uIg- 
cons istmg of n galacturonic acid residues^med~flirough carb on atoms 1^ 
^d”4 W fy-glycocK^ linkages, <T he ease with which pectic acid is read- 
ily precipitated by*'^ciura and other polyvalent cations to form insoluble 
salts IS attributed to the large number of free acid groups In the middle 
lamella, pectic acid exists in the form of calcium and magnesium pec- 
tates, and possibly also in^n estenfied form (Deuel and Stutz, 1958), 
Pectin is considered to "be a water-soluble methyl ester of pectic acid 
Since most of its carboxyh^roups are estenfied, pectin is neutral and 
cannot be precipitated by polyvalent cations A partially de estenfied 
pectin IS referred to as pectmic acid In plant tissue, pectm is located 
mainly in the primary cell wall rather than in the middle lamella 

Protopectm is the relatively insoluble parent pectic material that 
occurs ^mainly^m primary cell walls, particularly in parenchymatous or 
meristematic tissues Previously, the insolubility of protopectm has been 
attributed to linkage of pectm with cellulose or other polysaccharides 
of cell walls However, present evidence indicates that protopectm is 
insoluble because of its large molecular size 

b Enzymes that Dcdbmpose Pectic Substances Many pathogenic 
and saprophytic microogamsms and certain higher plants produce en- 
z>'mes that can degrade the various types of pectic substances The his- 
tor> of pecUc enzymes is characterized by a confusion in nomenclature 
which reflects incomplete k-nowlcdge of the structure of pcctic substances 
(Kertcsz^931, Lineweaver^and Jansen, 1951) Although the recent 
classification of pectic cnzfrocs proposed by Domain and Phaff (1957) 
fiis certain adrantages, it Ii^s*not been widely accepted as yet In order 
to a\oid confusion, the terminology of Kertesz (1951) will be followed, 
inasmuch as it has been used witli only slight modifications by most 
\\ orVers 

Pectin mctli\lesterase (PME), also named pectin esterase and pec* 
laso, is the cnz>Tne that catalyzes the hydrolysis of tho methyl ester 
Stroup in pectin and pcctinic aads ssitli the release of mcth>l alcohol 
Conserpicnlls . pectin or pectmic aads arc com erted to pcctic acids In 
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addition to its natural occurrence in certain tissues of higher plants, 
PME is formed by many different microorganisms 

Pectin which has also been referred to as 

“pcctinase ” “pectomse/ and “polygalacturonase,” is considered to be the 
mam enzyme responsible for tlie degradation of pectic substances PG 
catalyzes tlie hydrolysis of 1,4 glycosidic linkages in the polygalacturonic 
acid chain of pectic or pectinic acids into polygalacturonic acid chains 
of smaller molecular size and eventually to monogalacturonic acid From 
most sources that have been tested, PG shows highest activity on pectic 
acids, whereas activity decreases considerably as the methoxyl content 
of the substrate increases However, some PG enzymes net equallj well 
on botli pectic acid and pectin (Seegmiller and Jansen, 1952, Deuel and 
Stutz, 1958) 

Pectin depolymerase (DP) or pectic acid depolymerase also hydro 
lyzes the glycosidic linkage of the po lygalacturonid es such as T?ecto or 
pectic acid^HoweverTTl differs from polygalacturonase smee only large 
rmolecules are produced by the splitting of the galacturonic acid chain 
Furthermore, the rapid loss in viscosity of pectic substances induced by 
this enzyme is accompanied by a very small increase m number of 
reducing groups and galacturonic acid is not produced 

Similar to PG, DP from different sources also varies in activity on 
cstenfied and non estenfied pectic substances The first enzyme of the 
DP type described was considerably more active on pectic acid than 
on pectm, and so it was designated as pectic acid depolymerase’ (Mc- 
Colloch and Kertesz, 1948) However, certain soft rot bacteria produce 
a DP that acts similarly on non estenfied and estenfied pectic substances 
(Wood, 1955a) 

A/Certam enzymes may have been reported to be DPs because crude 
culture filtrates or alcoholic precipitates with very weak enzyme activity 
were used A weak enzyme preparation may not produce monogalac 
turonic acid or other low molecular weight mtermediates m amounts 
sufficient to be detected by reducing group measurements or chroma 
tographic methods It seems desirable to regard any enzyme that hydro 
lyzes the 1,4 glycosidic linkage in pectic substances as a type of PG 
Thus, Demain and Ph aff il957) have classified all enzymes of the PG 
type into the following categories (1) endopolymethylgalacturonase I 
and II, (2) endopolygalacturonase, (3) exopolymethylgaJacturonase, and 
(4) exopolygalacturonase To distmguish between these enzymes, con 
sideration must be given to (1) the ability of the enzyme to attack 
pectin m preference to pectic acid, (2) whether terminal or random 
hydrolysis occurs, and (3) optimum pH The five enzymes postulated 
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for this scheme include three with a random mechanism of hydrolysis 
(cndopol>methylgalacturonase I, endo PMG 11, and endo PG), and two 
with a terminal mechanism of hydrolysis (exo PMG and exo PG) Under 
this system the bacterial depolymerase described by Wood for Erwmia 
aroideae is classified as endo PMG II This enzyme with its high optimum 
pH IS thus differentiated from endo PMG I or DP as it was originally 
defined (McColloch and Kertesz, 1948, Kertesz, 1951) Examples of 
endo PG would be yeast polygalacturonase, ^ pectmglycosidase (Schu 
bert, 1954), and polygalacturonase I of Bhtzopus tritici Exo PMG would 
be exemplified by certain commercial pectic enzyme preparations and 
exo PG by the purified form of Pectinol lOOD, and polygalacturonase 11 
of Pentcilhum expansum 

Prolopectmase is the enzyme system that is said to convert native 
insoluble protopectm of plant cell walls into soluble pectins and bring 
about a maceration of cells We hnow little more about the exact nature 
and action of this enzyme if it is a distinct one, than was known some 
60 years ago—when it was first described However, it appears that 
protopectimse may be considered to be a type of PG or a PG in com 
bination with PME Tlie only method for measurement of this enzyme 
involves determination of the time required for loss of coherence of cells 
in slices or discs of plant tissues, for which process the specific chemical 
reactions involved remain to be determined 


If the present concept of the structure of protopectm is accepted as 
correct, the action of protopectmase cannot be considered as distinct 
from tint of a PG, since protopectm presumably differs from pectin only 
in clnm length This conclusion is supported by evidence that the proto- 
ptctin-ise and the pol>galacturonase of C aroideae and of rusarium 
inonlfi/onnc rcspeclivel>, cannot be separated on the basis of dieir major 
properties O^ood, 19551i, Smgh and Wood. 1956) Furthermore, a pun 
ltd hmgal PG or a commercial pecl.c enzyme preparation containing 
G and PME can cause maceration of discs of potato or other flesh) 
issues, '^h>ch IS the action of the h>potheticaI protopectmase (De- 
mam and Phaff 19o7) IIo^ve\c^, noUxilhstanding this evidence and the 

r' substances, phjtopathologists 

hue continued to cling to the term protopectmase 


3 Decomposition of Lignin 


Next to cellulose, lignm ranks as a major component of cell ualls m 

it? ‘'''["‘'I' «"»t.lucnts of cell ^nlls, IiRnm is prolnl.lv 

" ’ ' o dicompoolion I» mKTOorK.n.™^ Tins is supported 

1.N esuUnce for the Iomr surMval of l.gn.n ... a relal.rul, u..cIn..Red 
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form, as has been observed in 30 million year-old Sequoia wood and 
in 800,000 year old spruce wood (Lawson and Still, 1957) Although 
lignin degradation may be shown to be a significant aspect of tissue 
breakdown by microorganisms in certain herbaceous plants, it is at 
present important mainly as one characteristic phase in the decay of 
wood by certain wood destroying fungi known as white rot fungi 

a Structure and Occurrence of Ltgnm m Plant Cell Walls To a 
botanist, lignin may be a specific and well defined substance, but to a 
chemist it is still a product of non specific nature which is determined 
by analytical methods that are also non specific (Brauns, 1952) Lignm, 
unlike previously considered cell wall constituents, is not a carbohydrate 
or even a simple carbohydrate derivative, but is rather a condensation 
of one or more types of aromatic nuclei in a complex compound with a 
high molecular weight A large part of the hgnm molecule is composed 
of phenylpropane derivatives, it also contains benzene rings which are 
converted to cyclohexyl rings by hydrogenation (Adler, 1957) Spruce 
hgnm may be formed by the combination of molecules of the isoeugenol 
type condensed to form dehydrodiisoeugenol type products resulting m 
chains of indefinite length (Freudenberg, 1957) Some of the phenyl 
rings may contam a methoxyl group in the meia position and a hydroxyl 
group or phenyl ether linkage in the para position to the side cham 
Although there is no doubt that hgnm is a high polymer with about 10% 
of the molecule formed by condensation of phenylpropane units, the 
manner in which these building stones are linked together is not clear 
In at least a part of the hgnm molecule the 5 position of the benzene ring 
IS connected with the side chain of another building stone by carbon to 
carbon Imkage Furthermore, the hgnm molecule may be built up of 
units containing four to five basic lignin building stones 

Schubert and Nord (1957) in summarizing present knowledge of the 
hgnification process propose the following tentative scheme 


carbon dioxide — » carbohydrate 

ruvic acid— > primary hgnm building units 

. polymerization 

units 


-♦ shUcimic acid 

<fime izatioi 


p hydrovyphenylpy 
secondary ligmn building 


* Iignir 


On tile basis of many recent contributions, it is evident that rapid 
advances are now being made in the knowledge of hgnm However, the 
following statement by Erdtman (1957), at the conclusion of his review 
of outstanding problems in lignin chemistrj, is of interest In these days 
when many hgnm chemists appear to believe that the ultimate solution 
of the hgnm problem is near, it may be useful to remember that our 
belief IS greater than our exact knowledge * 
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In herbaceous plants, hgmn occurs mainly m secondary cell walls as 
the mcrustmg material m the intermicellar and mterflbrillar spaces ot 
cellulose In woody plants, hgmn replaces pectic substances m impor- 
tance as the compound in association with cellulose In woody cells, the 
very thin middle lamella is composed almost entirely of lignin In the 
primary walls o£ wood cells, lignm ramifies through all the intermicellar 
and mterflbrillar spaces of cellulose and forms its own framework organ- 
ized so that cells retain their shape even after cellulose and pentosans 
are removed 

b l^ature of the Enzymatic Degradation of Ltgntn Although lignin 
IS a major component of plants and enormous amounts of this material 
are eventually decomposed by a restricted number of microorganisms, 
e still know relatively little about the enzymes involved in the degrada 
tion of the hgmn molecule Hampered by the incomplete understanding 
of hgmn chemistry and the lack of specific methods for the isolation and 
characterization of lignm or its building stones, scientists in this area of 
research have been faced with the difficult problem of solving a cross 
word puzzle with too many unknowns and too few clues 

Most of our knowledge of the mechanisms of lignm decomposition 
IS derived from studies on a group of lignm decomposing Basidiomycetes 
that are known as the “white rot fungi ” In the past, it was assumed that 
these organisms degraded lignm by a specific enzyme to which such 
names as “lignase,’ ‘lignmase” or ‘hadromase*' (Brauns, 1952, Lawson 
and Still, 1937) were given 

Evidence for the formation of a specific hgnm-decomposmg enzyme 
was based mainly on microchcmical tests of decayed wood and the 
ability of certain of these organisms to utilize partially degraded or, 
more recently, native hgmn as a source of carbon 

Recent investigations have supported the earlier work by Bavendamm 
and others, indicating that an oxidative rather than a hydrolytic process 
IS mxolvcd in lignm decomposition It is now established that those 
n.isidiomycclcs that degrade lignin produce an extracellular polyphenol- 
oxidasc of the hccasc type, those fungi that are unable to decompose 
lignm fail to produce tins cnzvme or produce it only in small amounts 
(r:\hracus and Lmdcbcrg, 1953, Higuchi ct al , 1956) 

Tile properties of polyphcnoloxidasc of certain of the hg nin decom* 
posing fungi are nnlike oilier cnzviiie systems of this type that have been 
stndietl prtiioush It is capable of catalyzing the osidation of certain 
hgmn related model compounds associated w ith native hgmn and it is 
present in culture filtrates nf certain white rot fungi growing m a medium 
with natise hgmn as the sole carbon source (Gottheli and Pelczar, 1951) 
TIio adsanccs tint arc now Iiemg made m the knowledge of the 
poK-phcnoIoxidasc systems insolsed in degradation of lignm promise to 
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aid in deciphering the problems of lignm structure as well as in con 
tributing to an understanding of the mechanisms of wood decay 

4 Decomposition of Other Cell Wall Constituents 

a Hemtcelluloses In addition to cellulose and pectm, plant cell walls 
contam the complex water-insoluble polysaccharides known as the hemi 
celluloses (Whistler and Smart, 1953) These compounds are important 
constituents of mature and heavily thickened cell walls of wood, grasses, 
and seeds The detailed structure of the hemicelluloses has not been 
defined as yet It is known that most represent mixtures of two types of 
polysaccharides one is composed of pentose or hexose sugar units and 
the other is composed of polyuronides containing one or more glucuronic 
acid units joined m the polysaccharide molecule Xylan is considered to 
comprise the major component of this mixture m most plants In gymno 
sperms, mannan may replace xylan as a major hemicellulose component 
Hemicelluloses also contam arabans and galactans Xylans are the most 
abundant pentosans formed in secondary cell walls of plants Xylans 
obtamed from different types of tissue may vary but they are mamly 
composed of anhydro-xylose units Some may also contain L-arabinose 
Mannans, which are composed of d mannose residues linked through 
carbon atoms I and 4, are straight cham compounds similar to cellulose 
and starch Galactans, like mannans, occur widely m secondary cell walls 
of straw, seeds, and wood They are long, unbranched chains of galactose 
residues joined together through /J-1,4 linkages Araban is associated 
with pectin m primary cell walls and was formerly regarded as part of 
the pectin molecule Araban in apple and peanut is probably built up of 
a core of n-arabofuranose units linked through carbon atoms 1 and 5 
Attached to half of these as side chains are single l arabofuranose units 
linked through carbon atoms 1 and 3 

Many microorganisms produce enzymes that degrade hemicellulose 
including saprophytic or weakly parasitic species of Mucorales and tlie 
wood rotting Basidiomycetes 'Hie action of hemicelluhses presumabb 
converts hemicellulose into pentoses and uronides, but the nature and 
action of these enzymes have not been studied extcnsivel) Certain of 
the hemicellulose components may be h>drolyzed directly by cellulolytic 
enzyanes of certain organisms, since it has been sho^^^l tint xylans can 
be hydroly'zed by the cellulase of M verrucana (Bishop and Wiitaker, 
1955). 


B Disinlcgratton of the Protoplasm 
In dismlegrotcd tissue, not only are the cell ^^aIls disorganued, hut 
cell contents are dccompostd TIic mechanisms of toxic action and tlie 
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subsequent disintegration of separate components of protoplasm by plant 
pathogens have not been studied extensively 


1 Mechanisms Involved in Death of Cells 

In certain diseased plants where a rottmg or necrosis of tissue occurs, 
individual cells are killed as a result of the action of toxic substances 


elaborated by encroaching microorganisms (see Chapter 9, Volume II 
for a full discussion of toxins) These toxic substances can cause death 
of cells that are far removed from mvading bacterial cells or fungus 
mycelium The process involved is undoubtedly complicated and cells 
obviously may die because of many diverse interactions, including cer- 
tam destructive enzyme systems that can be released from the protoplast 
itself It has been shown repeatedly that highly injurious substances 
other than pectolytic or cellulolytic enzymes are produced by plant 
pathogenic bacteria and fungi Most of these materials have been demon- 
strated m culture, and m some cases m infected plants Few, however, 
have been obtained in pure form and, with a few exceptions, the chem 
istry of tliese toxins and their mode of action remain to be deduced 
(Brian, 1955) 

One possible mechanism by which toxic substances may cause death 
of living cells is the destruction or alteration of the semipermeable nature 
of the plasma membrane The subsequent loss of water and metabolites 
from the cell may be fatal Disruption of the plasma membrane also 
allows unrestricted movement into the cell of molecules of all sizes 
Tlicse molecules, if toxic, will cause tlie death of tlie protoplast Although 
it IS evidently a physical action, such physiologic disturbances of the cell 
membrane may be brought about by any number of biochemical actions 
of the toxic molecule in question Since the plasma membrane consists 
of a mixture of lipids and protein chains (Frey Wysshng, 1953), a toxic 
cntit> may destroy the membrane by disruptmg one or both of these 
wnstituents or by affecting some biochemical process involved m mem- 
brane organization 


Toxic compounds tint act by affccUng the semipermeabihty of mem- 
branes liaxc been reported in phytopathological literature, but their spe- 
cific mode of action still is not knoxxm Tiic two xxilt toxins, lycomarasmm 
and fusinc acid, produced by rusanum oxijsjjortim f hjcoperstci cause 
^ich a disniplion of the plasma membrane m plants (Gaumann, 1956. 
Gaunnnn ct al ldo2 Bachmann, 1936) Both may also act directly on 
protoplasm h\ disturbing the physiological processes xsithm the cell 
\\1ic her thi above mentioned substances are actually involved in tissue 
disinl( gration is not known Oxalic acid his been implicated as the cause 
uriv aa‘ and other nutrients from diseased carrots (Ovcrcll, 

IJj-). nils mav he attributed to an effect on the differential permeabil- 
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ity of cell membranes In most foliage blights and many leaf spots, the 
water-soaking — evident in leaf tissue bordering the lesion — is indirect 
evidence of injurious effects on plasma membranes with resulting release 
of cell liquids It should be recognized, of course, that there is no con- 
clusive proof that cells can be killed by this type of mechanism alone 

Some plant pathogens may be able to kill a cell by secretion of a 
toxin that acts directly on the protoplasm, disturbing or mhibitmg a nor- 
mal metabolic process of the cytoplasm or the nucleus A toxic substance 
may mjure protoplasm m any one of several ways It may coagulate or 
hydrolyze proteins m the protoplasm, block various enzyme systems in 
the cell, or serve as an antagonist to some vital metabolite of the living 
organism 

Two toxic fractions have been isolated from the culture filtrate of 
Pirtcularia oryzeae which causes blight and leaf spot of rice m Japan 
and other rice growing areas of the world (Taman and Kaji, 1955) 
Toxin A IS tt-picolmic acid, toxin B, designated as piriculann, is more 
toxic than a-picohnic acid and inhibits the polyphenoloxidase system of 
the host The actual relationship of these toxins to the death of cells in 
the necrotic lesions is not known Both toxins undoubtedly play a role 
in disease processes, however, smce they can be detected m the diseased 
plants 

The wildfire toxin produced by Pseudomonas tabaci is the only phyto 
pathogenic toxin for which tlie mode of action and chemical nature has 
been clearly demonstrated (Braun, 1955) When mtroduced into leaf 
tissue, this toxin does not cause necrosis directly, but produces a chlorotic 
spot similar to the halo present around the central necrotic lesion on 
tobacco leaves infected uitli the ivildfire bacterium Because of its close 
structural resemblance to methionme, the toxin acts as an antagonist or 
antimetabohte of this ammo acid, interferes uith its utilization m tlie 
normal metabolism of the plant, and produces chlorosis Tins toxin, in 
conjunction ivith other products of tlic pathogen, presumably contributes 
to the localized necrosis that is cliaractcnstic of the disease 

Death of plant cells due to direct effect on the protoplasm may he 
brought about b) altemario acid, a toxin produced b> Altcnwna solani 
(Brian, 1952, Pound and Stalimann, 1951), b> the toxin produced b> 
Hclminthosponum victonae (Pringle and Braun, 1957), and possibl) also 
b} the phjtotoxic substance formed bv Phylophlhora snfcslans (Bonne- 
beck, 1956) 

2 Degradation of Components of Protoplasm rollowing Death 

After the cell x\alls hi\c been disorganized and the protoplasts killctl 
b\ the action oF toxins and enzxmes secreted b\ a faCTiltatue pithogtn 
the inNading organism utilizes the contents of the cells for its groutli 
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Very little is known about this aspect of degradation of protoplasm, 
although the various carbohydrates, lipids, and proteins present in the 
cell presumably can be readily digested by the enzymatic activity of 
most bacteria or fungi 

Fungi and bacteria hydrolyze proteins by enzymes similar to 
those involved m such mechanisms in higher plants and animals It has 
become increasingly evident that the complexity of proteolytic enzymes 
reflects the innate complexity of proteins themselves Originally, the 
proteolytic enzymes were classified mto two mam groups the peptidases 
that hydrolyzed the peptide bonds of di-, tri-, or polypeptides to produce 
ammo acids, and the proteases or protemases that attacked not only 
the peptide bonds of peptides, but also hydrolyzed large intact protein 
molecules into peptides and amino acids The terms endo- and exopep- 
tidase are now used to distinguish between those enzymes that split 
bonds adjacent to specific ammo acid residues in the protein molecule 
(endopeptidases) and those that attack only the terminal bonds of a 
peptide chain (exopeptidases) The latter group of enzymes is diverse 
and includes some that attack terminal residues of entire proteins and 
some that split only certain small peptide molecules 

The simple sugars of the cell, such as monosaccharides and disac- 
charides, as well as the polysaccharides, usually become rapidly mvolved 
in metabolic activihes of most pathogens The monosaccharides are util- 
ized directly, while disacchandes are either hydrolyzed to monosacchar- 
ides by one of the glucosidases or degraded by a phosphorylative process 
One of the mam polysaccharides in plant cells is starch, with amylose 
and amylopectin as its two components (Whistler and Smart, 1953) 
Amylose is a straight chain molecule consisting of 300 to 1000 glucose 
residues .umted by 1.4-a glycosidic linhages Amylopectin, a much larger 
molecule than amylose, consists of glucose chains that are mvolved in a 


Tlie t'vo mam enzymes mvolved m starch breakdown are a- and 
P amylases Tlie former attacks the 1,4 glycosidic linkages of both amy- 
osc and amylopectin to form dextrms, with approximately 6 to 12 
glurasc units as the primary product of hydrolysis In a second phase 

1 iiiit -n™ n''" r'""', T f inverted mto maltose and some 

fher ict^ ^-amylases hydrol,™ amylose to maltose The maltose is 

starch , 1 ^ produced by many diEerent 

starch utilizing organisms, to yield glucose 

Many facullntive plant parasites are capable of utilizing starch as a 
sole carlion source, although relatively little detailed information is 

mean sms Certa ‘r' 

• in sapropntic fungi, including members of tlie genus 
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Aspergillus, have been studied more intensively than have any of tlie 
plant pathogenic fungi. A survey of the biochemical properties of plant 
pathogenic bacteria as listed in Elliott (1951) indicates that many cannot 
utilize starch as a sole source of carbon. This inability characterizes many 
species of Erwinia and Pseudomonas, whereas most Xanthomonas species 
grow readily with starch as a carbon source. 

III. The Disintegration of Different Types or Plant Tissues 

Although it is difficult to generalize, most plant pathogens are likely 
to attack specific types of tissues or organs. In the following section the 
diseases involving disintegration of tissue have been classified according 
to the kind of tissue affected by the casual organism, pathogenic proc- 
esses as well as the accompanying biochemical phenomena will be 
emphasized. 

A. Decay of Parenchymatous Tissue in Fleshy Vegetative, 
Reproductive, or Storage Organs 

Among the most common diseases of plants are the various rots of 
fruits, bulbs, tubers, roots, and fleshy green leaves. Two kinds of rots, 
soft and dry, can be recognized on the basis of the consistency and 
surface character of the infected tissue. 

1. Soft Rofs 

In the majority of cases, disintegration of parenchymatous tissue of 
fruits and vegetables produces a soft rot. Wliat happens at the micro- 
scopic level has rarely been studied in detail in any soft rot, although 
more is kmown about pathological histolog)’ or morbid anatomy of 
bacterial soft rots than about those caused by fungi. 

Initial investigations of the mechanism of tissue destruction by soft 
rotting bacteria provided c\7dencc that certain of these bacteria pro- 
duced enz>Tnes that could dissolve middle lamellae of the cells of such 
storage organs as liiniips, carrots, and potatoes (Potter, 1902. Van Hall. 
1903). However, the classic studies of Jones (1905, 1909) uere mainly 
rcsponsilile for the establishment of basic concepts as to the mechanism 
of tissue breakdown by Erwinia carotocora and other soft rot h.ictcna. 

During the past 15 years tremendous advances have l>cen made in 
our knowledge of the biochemistr>* of pcctic enz>'mcs. Yet, it was only 
after 1950 that phylopathologists in their publications gave recognition 
to the possibility that a crude preparation from a culture filtr.afe m.ny 
contain several enrvmes capable of calaK'zing the different re.irt{(Hjs 
involvtxl m degradation of pectic stihslances. Tlius, in inticli of the htiTa- 
lure in this subject area, the maceration of tissue discs has Ix-s n re^ranlrsl 
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as evidence of the action of one en 2 yme, protopectmase 

Kraght and Starr (1953) first showed that Erwinia carotovora pro- 
duced two distinct pectic enzymes, PME and a PG A more detailed 
study of pectic enzymes produced by E aroideae was made by Wood 
(1955a) who concluded that this bacterium mainly produced a type of 
PG that was referred to as bacterial DP Production of pectic enzymes 
by three common soft rot bacteria was investigated also by Echandi 
et al (1957) who found that E carotovora, E atroseptica, and E 
aroideae produce DP None of these three organisms produced PME 
However, it is possible that PME could not be detected because of assay 
methods not sensitive enough to reveal the presence of the enzyme in 
small amounts A previously undescnbed soft rot bacterium, E maijdis, 
also secretes an extracellular DP that is similar to the DP of E aroideae 


However, both this species and E chrysanthemi form PME ( Husain and 
Kelman, 1959) 

In an intensive survey of a large number of phytopathogenic and 
saprophytic bacteria for pectic enzyme production, assays were made 
of PME, PG, and Uvo types of DP (Smith, 1958a) Following the termi- 
nology of Schubert (1954), the PG was designated as j3 pectmglycosidase 
and the DP as a or ypectinglycosidase Those phytopathogenic bacteria 
tested that were capable of affecting pectic materials produced y-PG 
PME activity was restricted to certain species of Erwtma, Xanthornonas 
campestris, and certain cultures of X vasculorum 


Chromatographic analyses of the products of enzyme action indicated 
that the species of soft rot bacteria tested were capable of hydrolyzing 
pectin to galacturonic acid and oligo uromdes of low molecular weights 
(Smith, 1958b) With the exception of only one strain of E carotovora, 
most of the cultures of otlier bacteria that failed to produce PME also 
ai c to liberate galacturonic acid These data indicate that most mem- 
f probably form both a- and y-PG, and confirm 

results of Wght and Starr (1953) .nd.catmg that E carotovora produces 
However, the results differ from the reports by Wood 
19^a) and Echandi et id (1937) discussed previously Tlie differences 
ee l f 'T uaay well reflect variation in specific 

slrams mod" differences in the 
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etc 1 sllreTe " ’ pectic enzymes which thes, 


Wliclher cellulose and hcmicclluloscs are also 
Inclcn.i is still an iinsohed question Husain and 


degraded by soft rot 
Kelman (1959) exam- 



TISSUE IS DISINTEGRATED 


161 


ined culture filtrates of certain soft rot bacteria for the presence of the 
type of cellulolytic enzyme designated as the Cx enzyme For three soft 
rot bacteria E carofovora, E atroseptica, and E aroideae, negative re 
suits were obtained However, Ammann (1951) found that the strain of 
E carotovora used m his tests did produce a Cx enzyme A similar cel 
lulase IS secreted by E matjdts m culture (Husain and KeJman, 1959) 

Other soft rot bacteria may produce enzymes that are cellulolytic as 
well as those that break down non cellulosic polysaccharides or hemi 
cellulose However, there is no conclusive evidence that these enzymes 
play a role m tissue disintegration by tliese pathogens and the mam dis 
integrative action of bacterial plant pathogens causing soft rots is pre 
sumably exerted on pectic substances This may explain the apparent 
inability of soft rot bactena to attack and decay mature, hardened tissues 
containing relatively little pectic material and more cellulose and hgnin 

Certain basic similarities m symptoms are apparent between soft rots 
caused by bacteria and those caused by fungi However, the process of 
pathogenesis may involve more complex mechanisms for the litter tlnn 
for the former, including the action of cellulolytic enzymes and toxins on 
host tissues 

In one of the classic papers of phytopathological literature Dc Bir\ 
(1886) reported tint Sclcrottma Uherttana caused partial or total dissolu 
tion of certain constituents of cel! walls An extract from the infected 
tissue contained an active principle that could macerate and kill liealtlu 
tissue As the active principle was found to be heatdabile, Dc Bar) con- 
cluded that cell wall dissolution was caused by an cnzjanc produced b> 
the fungus Although tlic nature of the toxic action was ill defined, it 
was on these observations that the first concepts of ph>siolog> of para 
sitism of the facilitate c parasites xxcrc established 

Ward (1888), working on a Jib disease caused bv Botnjtts sp con 
firmed and amplified the w ork of Dc Bar> Ward s paper is a classic in 
itself and its importance as a Iiiglilx significant carlj contnhut/on «n 
fortunateU has not been fulb appreciated Although lus dtscnption of 
tissue breakdown In Botnjtts sp is similar to tint made h\ Dc Bars 
Ward also ohserxed actual penetration of cell walls b\ the li>p!no of 
the fungus and concluded that a cellulose degrading cnnnie was rispon 
sible for the dissolution of cell walls In the pathogen In an attempt to 
characterize this cnzxane. Ward obtimctl a parti ilb punfit'd preparation 
from a liquid culture filtrate of (he orgmism and also recovcrtxl it from 
diseased lil\ tissue An aqmous solution of this tn/xme prwiuctxl sxnip 
toms similar to those induced !n the fungus itself, mchulmg dissohitiun 
of cell walls anil middle lamellae and sx'illing of walls in th< initfil 
stages of attack 
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Ward s study was the first experimental indication of production of 
an extracellular cellulase by any microorganism, and it preceded by 
mam rears the basic work on microbiological degradation of cellulose 
Ward IX as also well ahead of other early investigators in attempting to 
demonstrate the existence of an enzyme free of a living cell that could 
induce a specific reaction m ottro 

BroNv-n (1915, 1917) presented conclusive proof that a pectic enzyme 
was mvolved m the maceration of plant Ussue by Botrytis ctnerea An 
enz\me, present in extracts of spores and mycelium of the fungus as well 
as m culture filtrates, macerated healthy parenchymatous tissue of various 
plants All the enzyme preparations obtained by Brown not only caused 
cells to separate but also caused the protoplasts to die Since the active 
principle in every case was heat-labile and non dialyzable and the killing 
principle could not be separated from the macerating enzyme, he con 
eluded that m the case of Botrytis ctnerea both death and maceration of 
cells were brought about by an enzyme which he called protopectiuase 
Drown questioned the concept presented by Smith (1902) that ovahe 
acid had any role in the killing of cells, inasmuch as B ctnerea extracts 
did not contain oxalic acid in concentrations great enough to injure cells 
Detailed studies on the physiology of parasitism of Bhizoptis nigricans 
on sweet potatoes revealed that the rotting of tissue by this organism 
was also brought about mainly by the action of a pectolytic enzyme 
(Harter and Weimer, 1921, 1923) 

Since the time of publication of Brown's work on B cmerea and the 
studies by Harter and Weimer, many additional investigators have con 
eluded tint pectolytic substances produced by soft rot organisms cause 
tissue bTCaVdox\n (Brown, 1936) Many of the most significant contribu 
tions in this area ha\c come from the Imperial College of the University 
of London b> Brown, Wood, and their co workers (Brown, 1955, Wood, 
1955b) 


Demonstration of the formation of pectinolytic enzyanes in host tissues 
imadcd by soft rotting fungi is one essential facet in the ultimate proof 
that these cnzxmcs are involved in tissue maceration Tlic absence of 


jicctinolv tic aclivilv in extracts of apple tissue decayed by such organisms 
as Sc/crofmfn fnicttgcna, S hxa, and B cincrca posed an interesting 
problem in nnaKzmg this relationship In tins instance loss m enzyme 
activ llv has been explained on the basis of the formation of inactivating 
suhslancis, oxidative m nature, tint are released from the dead cells 
aftn maceration Ins oc«curred (Cole. 1950) Tlie pcctic enzymes of the 
,Kxnl of -xxoterx xoft rol" of fioxlij xegotablcx and fnots. 
VfrrodoM Klrrotlowm l.xxo rccenllx I-ocn cl. .racicr.zcd 1,> Ecl.xnd, 
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and Walker (1957) Both PME and a PG active at low pH levels were 
formed in vitro Enzyme activity was inhibited by extracts from healthy 
tissue of potato and onion, two hosts that are not infected by this 
decay fungus Tlie specific nature of these enzyme inhibiting substances 
present in healthy tissue of resistant plants and m decaying tissue of 
certain susceptible plants has not been determined 

One of the unique examples of the high potency of pectmolytic 
enzymes was demonstrated in studies on the causal factors for softening 
of pickling cucumbers in brine vats The presence of high populations 
of pectmolytic fungi, including certain plant pathogens, on flowers that 
adhere to the cucumber was related to high levels of pectmolytic activity 
of the brine and the resulting softenmg of the cucumbers (Etchells et al , 
1958) Cellulolytic activity was also demonstrated for the fungi most 
commonly found on the blossoms 

Conclusive evidence is now available that certain of the soft rot 
fungi, including B cxnerea, produce cellulase (Reese and Levinson, 1952, 
Kohlmeyer, 1956) One common soft rot fungus, Sclerotium rolfsn, which 
IS capable of attacking mature and hardened tissue, has been found to 
be a strongly cellulolytic fungus In culture it produces an extracellular 
cellulase (Cx) that can also be detected m invaded tomato tissue 
(Husain, 1957) Three fungi {Botrtjosphaerm ribis, Glomerella cmgulata, 
and Phtjsalospora ohtusa) that rot apple fruits have been studied recently 
for their ability to produce cellulase (Husain and Dimond, 1958b) All 
three pathogens produced significant amounts of cellulase m culture and 
degraded different types of cellulose as well as substituted cellulose 
derivatives It is now evident that the degradation of cellulose in addition 
to that of pectic materials is an essential phase of tissue dismtegration 
by many soft rot fungi 

The exact manner in which cells are killed by bacterial and fungal 
plant pathogens causing soft rots is still unkno^vn The concept that both 
killing and macerating can be attributed to pectic enzymes has a number 
of strong supporters (Brown, 1955 Tribe, 1955, Fushtey, 1957) Evi 
dence for this viewpomt exists in the fact that heat treatment of culture 
filtrates of certain soft rot organisms destroys both macerating and killing 
activity Furthermore, all attempts to separate macerating from toxic 
effects by chemical and other procedures have been unsuccessful Also, 
results with extracts of B cjnerea and E aroideae were essentially sim 
liar However, it is difficult to visualize how pectic enzymes alone can 
act as poisons to living protoplasm Pectic enzynnes may possibly make 
plant cells more susceptible to other toxic metabolic products by ren- 
dering cells accessible to toxic molecules that do not enter intact cells 
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freely. Another possibility for which tliere is no direct evidence is that 
the cells are killed before the enzymes act, in which case pectic enzymes 
would not be involved in death. 

If the pectic enzymes are not accepted as the direct cause of death, 
the nature of the toxic entity still remains to be determined. Several 
investigators adhere to the concept that Sclerotium rolfsii (Higgins, 
1927) and Sclerotinia sclerotiorum (Overell, 1952) kill cells by the oxalic 
acid that they produce. Brown (1936), however, concluded that oxalic 
acid was definitely not involved in the case of Botrytis cinerea. There is 
no doubt that oxalic acid can damage plant cells if concentrations are 
high enough. Until more experimental evidence is provided, the possi- 
bility still exists that oxalic acid takes part in the collapse of cells invaded 
by some fungal pathogens. 


2. Dry Rots 

A fungal attack on a dormant storage organ of a plant often causes 
shrinkage and collapse of the affected tissue with little or no exosmosis 
of water or other liquids The surface of the invaded plant part remains 
dry and^ often compact and coherent. Although few rots of plants can 
e classified exclusively as dry rots, various gradations exist between a 
typical soft rot and a typical dry rot. Typical examples of non-watery 
rots are dry rot of potato” caused by Fusarium caeruleum and the 
cucumber scab disease caused by Cladosporhtm cuctimerinum. We can 
conjecture that the dry nature of some of these rots may reflect either the 
nature of enzymes or toxic substances produced by the fungus or it may 
indicate a slow rate of growth of the parasite in the host, allowing ade- 
quate time for the host to form a defense barrier. Since the exosmosis of 
.qmds from host cells usually reflects injury to the plasma membrane, it 

h^^n ^ “ ° 'r ''"'Si may be less toxigenic 

tlian tlic typical soft rot organisms. r b 

lion'r't'lic’'' 1“'" "'“'^hanism of tissue disintegra- 
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investigation of the pectolytic and cellulolytic enzymes of this fungus, 
production of PG and cellulase was demonstrated in culture (Husam 
and Rich, 1958) Since no PME was produced and the PG was only 
weakly active on esferified pectic substances, it is possible that the 
pathogen advances slowly in the host because of localization of the 
fungus by a defense mechanism of the host 

B Necrosis and Disintegration of Cortex and Phloem tn 
Plant Stems and Roots 

Various fungi attack and cause decay m growing stems and roots as 
well as in the fleshy storage organs of higher plants The most important 
diseases m this category are cankers, anthracnoses, damping off, and 
root and foot rots 

1 Canker and Anthracnose 

A canker is a localized wound or necrotic lesion which is often 
sunken beneath the surface of the stem of a plant and surrounded by 
healthy tissue In most instances, canker diseases involve a disintegration 
of cortex, phloem, and cambium tissue Although the term "canker 
usually designates symptoms on woody or herbaceous stem tissue, it 
may also denote necrotic areas caused by bacterial infections on fruits 
In a typical stem canker, the attack of a fungus or bacterium first pro 
duces a small necrotic lesion followed by corrosion and sloughing away 
of bark and sometimes even of the outer portion of wood In a slow 
grooving canker, uniform concentric rings of callus tissue develop as 
exemplified by European canker of apple trees caused by Ncciria 
galltgena 

A very destructive canker disease is chestnut blight caused b> 
Lndotina parasitica Production of a to\in by tins fungus not only brings 
about the death of phloem and cambium tissue but also results m the 
deposition of gums and formation of tyloses m the xylem vessels, nith 
a resulting cessation of water movement (Bramble, 1936, 1938) How 
ever, E parasitica produces no marked effects on tlie strength properties 
of woody tissue possibly indicating low cellulase activity In contrast, 
Strtimclla cortjncotdea, the cause of a serious canker of oaks can be con 
sidered to be cclluIol>tic since it dcca>s x>lem tissue slowly (Hcald and 
Studhalter, 1914) Histological studies on plilocm and xylem tissue from 
trees parasitized bi Nectna gaihgena revealed that this organism kills 
living cells before hyphal penetration (Ashcroft, 1934) 1110 manner 
of separation of cells m the phloem indicated that pcclic substances of 
the middle luncllae were degraded bv (he fungus However, cclUtlosc 
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and Iignm were apparently unaflFected and intracellular growth of the 
mycelium was restricted to wood rays m the xylem tissue 

Although very few studies have been made on the canker fungi with 
respect to their production of pectmolytic and cellulolytic enzymes, it is 
logical to assume that all of them that decay parenchymatous and woody 
tissue produce these enzymes A pectm-decomposmg enzyme is formed 
by the apple bitter rot fungus, Clomerella cingulata, which produces 
small cankers on the bark of apple twigs as well as a fruit decay (Menon, 
1934) This fungus and two other canker-forming fungi, Physalospora 
obtusa and Botryosphaerta rtbis, form cellulase m culture (Husain and 
Dimond, 1958b) Of these three fungi, Botryosphaerta nbts is the most 
destructive invader of woody tissue smce the other two form only super- 
ficial bark cankers It is of interest to note that B nbts produces much 
higher levels of cellulase m culture and grows more profusely on native 
cellulose than either of the other two bark invading fungi 

Certain fungi that bear their spores m acervuh produce necrotic and 
sunken ulcer like lesions on the stems, flowers, or fruits of host plants 
Siwh lesions produced by species of CoUetotrichum, Gloeosportum, and 
other closely related fungi are characteristic of the diseases known as 
antliracnoses The anthracnose and the soft rot organisms differ markedly 
m that neCTosis and tissue disintegration follows invasion by the former 
and precedes that of the latter Furthermore, a slimy or watery rot of the 
entire organ of tlie plant rarely occurs This suggests possible funda 
mental differences m tlie nature of the injurious substances formed by 
each type of organism 
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causing anthracnosG of tobacco, produces a toxic material in culture that 
induces necrotic symptoms in tobacco or tomato plants similar to those 
observed on diseased plants m nature (Wolf and Flowers, 1957) 

2 Damping off 

One of the types of disease to which almost all seed plants are sus- 
ceptible IS the rapid death and collapse of very young seedlings in the 
seed bed or field During the critical period immediately following emer- 
gence of the delicate seedling from the soil, certain fungi such as 
Rhizoctoma spp {Pellicularia) produce a necrosis of the succulent 
cortical tissue at the base of the stem Species of Pythwm are Iilely to 
initiate invasion of the tmy rootlets Under the impact of either of these 
two types of attack, young plants may yellow and wilt presaging even 
tual collapse and death If a given plant survives, the girdlmg of the 
stem at the base or a root rot may stunt it for life This often happens 
in “sore shin" of cotton seedlmgs affected by Rh.zoctoma sahn. 

Damping off may be caused by a large number of fungi Tlie most 
important of these are R solom. and species of Pijthmm, Phytophthora, 
Sclerotmw, and Fusanam Of the Fusaria. Fusanum man, I, forme is con- 
sidered to be the most important species 

The young and growmg tissues of seedlmgs contain large amounts 
of pectic^ substances, and the mam enzymatic proMSS operating during 
mitml mvlLn of tissues is apparently f /egradaPon ^ ^ 

PME but a DP is formed This enzyme acts only on pectin and breaks 
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(Venkata Ram, 1956). Those pathogenic fungi capable of forming both 
cellulolytic and pectinolytic enzymes appear to be more versatile with 
respect to age of plants attacked than those pathogens that mainly form 
pectic enzymes. Species of Pythium which are generally unable to de- 
grade cellulose are rarely associated with tissue breakdown of hardened 
or mature tissues, whereas both Rhizoctonia solani and Fusarium monili- 
forme can cause stem or root rots in older plants. 

Dampmg-ofE fungi may damage young tissues not only through cell 
wall decomposition but also by toxic eflFects. A heat-stable toxic principle 
that was lethal to young seedlings was found in culture filtrates of three 
species of Pythium (Damle, 1952). Similarly, Pythium irregulare, a com- 
mon parasite of sugar beets, produces a potent toxin in vitro (Branden- 
burg, 1950). 


3. Root and Foot Rots 

A wide range of pathogens affecting an equally wide range of hosts 
produce rotting of cortical and phloem tissue of roots and basal stem 
portions of older seedlings or full grown plants. Root rots are caused 
by different species of Fusarium, Rhizoctonia. and Sclerotium as well as 
a large number of other facultative parasites that are typical soil inhabit- 
ants. Some root rots which cannot be attributed to any single pathogen 
may involve several microorganisms, sometimes including plant parasitic 
nematodes. The root rot complex of strawberries is a typical example, 
boot rots on various graminaceous hosts are generally produced by 
species of Helminthosporium. <=> r 
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seedling blight of wheat, a toxin injurious to seedlings was obtained 
(Ludwig, 1957). In combination with the enzymes of the fungus, this 
toxin may cause cellular disintegration and death. In tlie crown rot 
disease of peanuts caused by Aspergillus niger, necrosis was apparently 
^^^x^duced by oxalic acid (Gibson, 1953). Pathogenicity of isolates was 
correlated with ability to form oxalic acid in culture. This is one of the 
few instances in which such a relationship has been demonstrated. The 
essentiality of a toxic substance as a precursor to tissue breakdo^vn is 
also exemplified in the development of winter crown rot of alfalfa. The 
primary factor producing necrosis was the formation of high concen- 
trations of hydrocyanic acid (HCN) by an unidentified Basidiomycete 
(Lebeau and Dickson, 1955). Intra- and intercellular development of the 
pathogen occurred in host cells only after injury by HCN. 

The relatively high lignin content of many of the monocots that are 
subject to foot rots suggests that decomposition of this cell wall com- 
ponent may play a part in the breakdown of tissue of these plants. The 
evidence that certain Fusaria, including F. lactis and F. nivalc (the snow 
mold fungus), readily decompose lignin (Fischer, 1953) supports this 
assumption. 

C. Necrosis and Destntction of Foliage 

The plant diseases discussed tlms far have been tliose in which the 
causal organisms injure mainly through tlie action of cell wall dissolving 
enzymes alone, or through diese enzymes in combination with toxic sub- 
stances that are non-enzymatic in nature. In diseases of tliis tj'pe, rolling 
of tlie tissue is the primary disease process, and substances that cause 
necrosis of cells or tissues in most instances have been considered to be 
of secondary importance. However, in^a large group of foliage diseases, 
tlie respective pathogens cause local or systemic necrosis and death of 
foliar tissues mainly through the action of toxins or related substances 
that injure and disintegrate cell protoplasm. Tlie initial disorganization 
and degradation of cell wall structure is of Jess significance for the foliar 
diseases than for those diseases discussed previously, — ' 

In this catcgor>' there arc two main 1)1)05 of diseases. leaf spots 
and the blights. 

1. Leaf Spots 

When a plant pathogen forms localized lesions, amststing of dead 
and collapsed colls, on leaves of host plants, the s>-mptom is referred to 
as a “leaf spot." In foliage infections of this t)ix'. the ctmlral localirinl 
area or holonecrotic area containing dead or dying c«'lJs is usually siir- 
rtumded hv a hand of tisnie, the plesionecrotic zone, in uhich cells are 
still alive but somewhat injured by toxic materials (Cunningham. IQZS. 
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Akai, 1951) Presumably, these toxins may be formed directly by the 
pathogen or possibly to a lesser degree by the dying host cells in the 
center of the spot 

A unique aspect of many spot diseases is their apparent self-limitmg 
nature and the discrete pattern of the necrotic area Particularly in the 
case of fungus pathogens, dismtegratmg effect on cell wall constituents 
IS much less evident than is the marked injury and degeneration of the 
protoplasm of the cell itself Leaf cells in the holonecrotic zone exhibit 
one of two types of necrosis, involving either coagulation or dissolution 
of protoplast components 


In an attempt to determine whether host reactions — as manifested 
by morphologic changes — are responsible for localization of leaf path- 
ogens, Cunnmgham (1928) made a histologic study of many different 
leaf spottmg fungi Included were species of Cercospora, Septorta, Myco 
sphaerella, Phyllosticta, and Alternarta In general, cell contents disap 
peared m the center of the holonecrotic zone and cell walls were 
collapsed but not disintegrated In the plesionecrotic zone, intercellular 
mycelium was often present throughout the area and frequently extended 
to the point where host cells were apparently quite normal Commonly, 
nuclei and cliloroplasts in cells of the plesionecrotic zone had either com 
plctely disappeared or remained only m outline, the contents having 
disappeared Similar observations were also recorded by Akai (1951) 
Analysis of these effects indicates that proteolytic as well as other 
enz^es of these pathogens were undoubtedly playing an important role 
m the apparent changes in the protoplast with the hydrolytic cell wall 
destroying enzymes pla>ing a lesser role 

AlUiough primary effects include degradation of protoplast constitu- 
ents, man) of these fungi such as AUernana and Helmmthosporium can 
materials m v,tw (Winstead and 
Tnf an’ i ", 1951 ) This, however, is 
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Additional reports of toxin formation by other fungi that cause leaf 
spots have bfeen made, but in most cases specific modes of action have 
not been determined nor has proof been offered that they are also 
formed in tissues of invaded plants 

2 Blights 

Appropriately referred to as a blight is an attack bv a fungus or a 
bacterium which produces on leaves, branches, twigs, and floral organs 
a general and extremely rapid browning resulting m death It may 
result from severe infection, either by leaf-spotting, foliage invading 
organisms that also rapidly attack tender portions of stems and branches, 
or by pathogens that specifically attack the branches or twigs and subse 
quently cause rapid death of leaves or floral organs 
j Blights and leaf spots resemble one another m the external symptoms 
(they produce as well as m the mechanisms of pathogenesis However, m 
many blights, the attacking organism may kill the host partially or 
wholly, not only by direct destruction of tissue in many localized areas 
but also by the systemic dispersal of toxic substances far beyond the 
original mfection zone A discussion of systemic effects of these types, 
however, is beyond the scope of the present chapter 

Excluding, therefore the effects of systemic toxins, pathogenic effects 
of blights include the local action of toxins on leaves or young twigs 
and actual dissolution of cell walls by enzymes of the pathogens in 
volved Examples of several of these have been discussed briefly in 
jSection II of this chapter Although toxms are undoubtedly the major 
'factor in rapid blighting of plants, disintegration of cell walls is neces- 
sary to some degree if the pathogen is to grow and spread rapidly 
through the host The rapid destruction of the physical barrier limiting 
the pathogen may also aid the parasite in obtaining nutrients from the 
host Thus, at least in these cases where a rotting or disintegration of 
tissue occurs enzymes may also be indirectly involved in producing 
blight symptoms 

Studies on the pectic or cellulolytic enzymes of most blight inducing 
pathogens have been very hinited in number and scope, and in most 
instances direct evidence for the production of these enzymes is still 
lacking 


D Decni/ of Xtjlem Tissue 


1 Wilt Diseases 

Wlian water fails to mo\e to the leaves of a plant tiirough the x\/em 
and the foliage loses turgor, the condition is referred to as iiilting TIic 
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phenomenon of pathological wiltmg brought about by certain bacteria 
and fungi that invade vascular tissue of living plants is obviously a 
complicated physicochemical process Tlie detailed treatment of wilting 
mechanisms will be presented m Chapter 9 of this volume, and tlic 
present discussion will be limited to those processes m a wilting plant 
that contribute to a breakdown of vascular tissue 

Inasmuch as all vascular pathogens, whether bacteria or fungi, are 
facultative parasites, they must mvade and colonize the host to a certain 
extent before they can produce wilting To accomplish this colonization, 
they require nutrients and energy, a part of which must be derived 
from the cell walls of the vascular tissue Tims, the enzymes sccrete^by 
these wilt pathogens may act not only on the cell walls of vessels and 
tracheids but also on the reserve food in the xylem parencliyma The 
resultant breakdown of tissue is so limited initially tliat no microscopic 
symptoms of actual dissolution of tissue are evident As it becomes exten- 
sive and readily visible, it may in itself eventually lead to deatli and 
collapse of the plant In trees and woody shrubs, little apparent damage 
IS done to cell walls because of considerable lignvfication of cell walls 
in the vascular tissue In oak wilt, caused by CeratocysUs jagacearum 
(Fergus and Wharton, 1957), and the Dutch elm disease, caused by 
CeratocysUs ulmt, microscopic observation alone often fails to indicate 
any serious enzymatic digestion of vessel walls 

Succulent herbaceous annuals often show an extreme type of tissue 
breakdown when attacked by bacterial wilt pathogens In young tomato, 
tobacco or potato plants mvaded by the Granville wilt bacterium, 
Fseudomonas solarmcearum, cells m the xylem, phloem, and adjacent 
pith and cortex may be rapidly disintegrated, resultmg m a soft decay 
of locahzed areas or pockets in the stem (Husain and Kelman, 1958) 
In hardened mature plants, with more advanced hgnification than in 
younger plants little tissue breakdown is evident Similar but less severe 
decay of xylem tissue occurs in other bacterial wilt diseases 

Although microscopic studies reveal the degradation of pectic mate 
rials in host tissues the actual nature of pectic enzymes formed by 
bacteria that invade vascular tissue has been investigated m only a few 
cases The pectinolytic ability of several bacteria of this type has been 
reported, including Xanthomonas campestris (Wolf, 1923, Sahet and 
Dowson, 1951, Smith, , Corynehacterium sepedomcutn (Oxford, 

1944), and C michiganense (Sabet and Dowson, 1951) In a study on 
the mechanisms of pathogenesis of tlie Granville wilt bacterium Pseudo 
inonas solanacearum, production of both PME and PG was noted 
(Husain and Kelman, 1958) Histological studies revealed that break 
dowm of pectic substances m the middle lamella and cell walls occurred 
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in wilted tomato and tobacco plants invaded by this pathogen Further- 
more, FG nas present in host plants infected with the bacterium (Husain 
and Kelman, 1957), and culture filtrates containing PME and PG caused 
disorganiration of tissue similar to that occurring m diseased plants 
In wilt diseases of herbaceous plants caused by members of the 
genera Fusarium and Verttcinuim, disorganization of xylem tissue is 
initially less evident tlian m the hacterial wilts Tomato plants affected 
by Fusarmm oxijsporum f hjcopcrsict show severe breakdmvn of vascular 
tissue only m the last stages of disease and then only if the plant is 
young In cotton plants witli woody tissue infected by Fusarmm oxy 
sporum f vasinfectum, microscopic symptoms of cell disintegration ma> 
not be evident, houever. partial degradation of cell walls occurs even 


Considerable mformation has become available in the Past few years 
relative to ability of the vascular Fusana (Gothoskar et al, 19o5, Wag 
goner and Dimond, 1955, Wmstead and Walker, 19o4) and simdar fungi 
(Scheffer et al. 1956, Kamal and Wood, 19o6) to form specific pectic 
enzymes such as PME, PG, or DP m vitro 

In most of the work with vascular fungi, the enzymes have been 
studied only m vitro and them role in the disease process has not been 
conclusively demonstrated It is probable, however, that all of the speems 
of Fusarium and Verticillium that mvade vascular tissues can break doivn 
oectic substances m their respective host plants 

t.eratMystisiim, ^ contains only a very 

(Beckman, 1956) materials the degradation of pectic materials 

small °„DOrtant m causing tissue dismtegration m this disease 
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has been generally assumed that bacterial plant pathogens are non- 
cellulolytic A cellulase (C\), capable of causing a rapid hydrolysis of 
carboxymethyl cellulose, was shown to be present in culture filtrates of 
Pseudomona'i solanaccarum (Ilusain and Kelman, 1958) Levels of the 
Cx enzyme were higher in culture filtrates of a pathogenic strain than 
in filtrates of weakly pathogenic or non-pathogenic isolates This Cx 
enzyme was also present in diseased tomato plants and it was apparently 
produced by the pathogen, since no Cx activity was detected in non- 
infected plants (Husain and Kelman, 1957) Tlie conclusion that native 
cellulose was altered in the walls of invaded vascular cells was based on 
the observation that birefringence in polarized light was not evident in 
walls of cells in areas invaded by the bacterium 

The above observations indicate that cellulase may be active in 
diseased plants, but conclusive evidence for the exact role of cellulase m 
natural infections by vascular pathogens is still lacking ^ 


2 Wood Decays 

Approximately 2000 species of fungi belonging to the class Basidio- 
mycetes have been categorized as wood decay fungi Timber, shade, and 
ornamental trees are commonly attacked by fungi that cause disintegra 
tion of the heartwood of these trees In terms of the total number of 
mngi that cause decay, only a small percentage, however, can cause 
decay of heartwood of living trees The heart-rot fungi are usually unable 
to attack living tissues in the sapwood of invaded trees while the tree is 
still alive It IS strange that the decay fungi that cause heart-, butt-, or 
root-rots of living trees rarely cause decay of wood in service and that 
they may cease their activity following the death of the host tree An 
entirely different succession of decay fungi usually completes the 
destruction of dead timber, invading first sapwood and then heartwood 

limited number of phytopathogenic Ascomycetes and Fungi Imperfecti 
re also capable of causing wood decay, but it is doubtLi that any 
bac^nal plant pathogens can actively decompose wood 

I'tBrature on the degradation of wood and its com- 
">-croargan.sms has been reviewed by Cartwright and Find- 
0 ? hmm de more recently by Campbell (1952) The related literature 
n hgmn decomposition has also been summarized by Brauns (1952) 
and Lawson and Still (1957) Thus, a detailed summary of Ihe research 
contributions in this field will not be presented 

iltemrCelTrll'''’ f “ decayed wood is 

altered Cell walls may show spiral cracks, small holes, or We cavities 

caused by d.sso ution of the structural materials As has beSustmtSl 
by Ba,le> and Vestal (1937) the characteristic shape of cavities in ccl! 
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walls rev'cals the remarkable specificity of tlie enzymiatic hydrolysis since 
it progresses along two planes predetermined by the chemical structure 
of cellulose. Often open pockets are seen where tissue has been com- 
pletely dissolved. Bore holes formed by the hyphae of wood decay fungi 
may be smaller or several times larger than ^e hyphae that penetrated 
the wall (Proctor, 1941). Corrosion of walls, thinning, splitting of the 
middle lamellae, and enlargement of pit openings are other effects of 
decay. 

These physical changes reflect profound biochemical effects resulting 
from the degradation of cellulose, lignin, hemicellulose, and other non- 
cellulosic polysaccharides in the cell walls. On the basis of the nature 
of decay and type of cell wall constituents destroyed, the wood rots 
liave been classified into t\vo main types: the ‘Thrown rots,” which prefer- 
entially destroy carbohydrates leaving lignin unaffected; and the “white 
rots,” which preferentially attack lignin with variable effect on car- 
bohydrates. 

In addition, a third type of decay has been characterized as “soft 
rot.” In contrast to brown and white fungi the hyphae of soft rot fungi 
are not usually evident in cell lumens, but they are present in cylindrical 
cavities formed by enzymatic action within the secondary walls of wood 
cells. 

It is now generally accepted that a great majority of brown rot fungi 
attack only cellulose and non-cellulosic polysaccharides and leave the 
lignin intact. In fact, some of the brown rot fungi, mostly species of 
Lenzites, have been utilized in the isolation of native lignin from wood 
(Schubert and Nord, 1957). 

While the brown rot fungi belong to a fairly homogeneous group 
with respect to their effects on the constituents of wood, the white rots 
are caused by a group of organisms that vary considerably in this 
respect. At one time it was thought that white rot fungi attacked only 
lignin in wood. On the basis of numerous studies, it is now clear that 
wood-rotting fungi of the white rot group are a heterogeneous group of 
organisms with the common capability of decomposing lignin. With 
respect to the relative amounts of lignm and cellulose destroyed, these 
fungi vary in their preferential utilization of one or the other constituents. 
Thus, Campbell divided these fungi into three main groups on the basis 
of the constituents of the wood that are initially affected: (1) lignins 
and pentosans are attacked in early stages and attack on cellulose is 
delayed until later stages of the decay, (2) cellulose and associated 
pentosans are attacked first but lignin and pentosans not associated with 
cellulose are not degraded until the later stage of decay; (3) lignin and 
cellulose are attacked in early stages but in varying proportions. 
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Tlie mode of disintegration of woody tissue by wood-decay fungi 
differs markedly from the various types of disintegration discussed thus 
far Wood decays are distinctive in comparison witli other disease 
processes in that the attacked tissue is already dead and surrounded by 
dead tissue All the damage to xylcm tissue is accomplished by the 
action of various enzymes secreted by the wood decay organisms and the 
wood is degraded without the need for tovic systems tliat kill living cells 
These wood-destroying fungi are able, nevertheless, to form some ex- 
tremely potent enzymes that can degrade complex organic molecules 
such as cellulose and hgnin which are among the most resistant poly- 
mers synthesized by living plants The unique difference in enzymatic 
capabilities between wood-decay fungi and other microorganisms lies 
in their ability to attack a substrate m which both cellulose and lignin 
are present m an mtimate relationship The cellulose m the cell walls of 
woody tissue is not significantly different from tliat of cotton fibers 
However, it is significant that relatively few of the large numbers of 
cellulolytic microorganisms that are capable of destroying cotton textiles 
with ease can also attack wood and utilize the cellulose that it contams 
In addition to the inherent resistance to microbial decomposition of 
hgnin itself, the retardation of the rate of cellulose decomposition in 
wood IS attributed mainly to the presence of hgnin, smce as the hgnin 
concentration decreases, the decomposition of cellulose increases Fur- 
thermore, presence of lignm is associated with inhibition of decomposi- 
tion of other carbohydrates, proteins, and other plant constituents 
The basis for this effect on cellulose decomposition by hgnin is not 
fully understood Although a chemical bonding between these materials 
has been suggested, there is no direct evidence that this is involved 
Neither has it been shown conclusively that Iignm or its decomposition 
products are directly toxic or inhibitory to the decay organisms Further- 
more, there is no evidence that lignin affects cellulose decomposition 
adversely when both are added separately to a culture medium It is 
possible that the intimate manner of deposition of hgnin within the 
anastomosing cellulosic framework of the cell wall imposes a require- 
ment for a different type of enzyme or a distinctive combination of 
en^e systems formed by only a limited number of fungi (Cowimg, 
19o8) 

However, as was pointed out previously in the discussion of cel- 
lulo ytic enzymes, failure to invade and deeay wood by organisms ca- 
pable of destroying cotton textiles does not of necessity indicate that 
enzyme systems of these organisms cannot degrade cellulose m ligmfied 
tissue 

Numerous studies on the biochemistry of decay and the enzymes 
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formed hy wood decay fungi have been reported Significant early 
contributions were made by Bray and Andrews, Buller, Schmitz, and 
Zeller Subsequent studies during die period from 1925 to 1945 by Bose 
and Sarkar, Bavendamm, Campbell, Fmdlav, Garren, Nutman, and others 
ga^e e\idcnce of the multiplicity and dwersity of enzymes formed by 
the hymienomycctous fungi involved m wood decay Most of these 
investigations w ere based on assay methods that were not reliable for 
enzymatic work and that did not utilize pure substrates Thus, they 
failed to give direct information as to tlie basic nature of the enzymes 
and the specific mechanisms of degradation for individual components 
of wood Although the empirical nature of many of these studies must 
be recognized, Campbell (3952) points out the value of these studies 
since probable effects on wood components have been accurately pre 
dieted from enzyme tests and supported by analyses of sound and 
decayed wood 

It IS now known that all wood rotting fungi studied thus far can 
hydrolyze cellulose to form glucose As was pointed out in the discus 
Sion of cellulose decomposition, it is not known whether this hydrolysis 
IS accomplished by a multiple enzyme system or by a smgle cellulase 
In studies on cellulase production by several fungi belongmg to white 
and brown rot groups both types of organisms witli a few exceptions 
produced and C\ type enzymes (Reese and Levinson, 1952) Oddly 
enough, the brown rotters were different from the white rotters m that 
the former caused a smaller loss m tensile strength of cotton than did 
the latter Partial purification of the cellulase of one brown rot fungus, 
Polyporus palustns, has been reported, but full details of the nature 
of this enzyme have not been published as yet (Higa et al, 1956) 

A positive correlation between ability to utilize native lignm and the 
production of certain types of polyphenol oxidase systems has been estab 
hshed (Gottlieb and Pelczar, 1951) Present knowledge of the mech 
anisms mvolved in breakdown of lignm by white rot fungi has been 
reviewed briefly m Section II Interest in lignm-decomposmg enzymes 
has expanded greatly as their potential utility m elucidating lignm stnic 
ture has become evident (Schubert and Nord, 1957) 

Wood decay fungi also produce enzymes that break do\vn hemicel 
lulose and polysaccharides other than cellulose which occur in cell walls 
of woody tissues It has been suggested by several mvestigators that 
non cellulosic polysaccharides may be h>droIyzed by cellulase itself 
The relative importance of the degradation of these non cellulosic com 
ponents in the dismtegration of woody tissue has not been determined 

Tlie role of pectic enzymes in the decay of wood is also ill defined 
Several of the wood destroymg fungi do produce pectmase, but no recent 
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mg the diverse nature of the pectic enzymes of different microorganisms 
has made it necessary to revise tlie terminology of the PG type of 
enzymes The wide pH range for activity of certain cnz>me preparations 
and the variety of end pioducts obtained in hydrolysis of pcctic sub- 
stances suggest tliat mivtures of different pcctic enzymes have been used 
by many investigators However, it is evident, on the basis of those few 
instances in which highly purified preparations have been tested, that 
several different enzymes are capable of hydrolyzing the glycosidic link- 
age in pectic substances It is not possible at present to resolve the con 
fusion that exists in this area Furthermore, since the mherent nature of 
the pectic enzymes of most plant pathogens has been inadequately char- 


acterized, very few of these enz5nnes can be placed within the new 
classification devised by Demain and Phaff (1957) 

There is strong evidence that certam facultative parasites such as 
Botrytis cinerea brmg about tissue disintegration — including injurious 
effects on living cells — by purely enzymatic effects, with pectolytic action 
the mam mitial process It seems difficult, however, to conceive that both 
the maceration and deatli of cells can be brought about by means of a 
single highly specific enzyme system that causes a degradation of one 
component of the host However, the death of cells that accompanies the 
maceratmg effect is so closely associated with the enzymatic degradation 
of pectin that the presence or absence of a separate protoplasmic toxin 
will only be resolved conclusively by the use of highly purified enzyme 
preparations It can be postulated that degradation of the middle lamella 
alone need not cause death of cells although toxic effects may be intensi- 
e y this process This viewpoint is supported by evidence that plant 
issue can be macerated with purified pectic enzyme preparations of 
certain non pathogenic fungi without bringmg about rapid death of 
cells Another unique situation m which pectic materials are broken 
own in hvmg tissue without brmgmg about death of cells is the 
invasion of the roots of certain tree species by the ectotrophic type of 
mycorrhizal fungi The intercellular penetration of tree roots by hyphae 

n ,t “ “=™"'panied by a dissolution of middle lamellae with 

out apparent injury to the host 

with ? relatively potent cellulolytic enzyme system 
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Rhizoctonia soJam in their invasion and disintegration of tissue in which 
the percentage of pectic materials is relatively low 

Tlie wilt fungi such as the Fusaria that invade vascular tissue of 
herbaceous plants are also characterized by the formation of enzyme 
systems capable of degradmg both pechc and cellulosic substrates with 
equal facility Certain of the Fmana may also affect lignin as well 
Although the relationship of these enzymes to the mechanism of wilting 
has not been clearly established, their importance m the dismtegration 
process is unquestioned In the case of the oak wilt fungus and the Dutch 
elm disease fungus, both of which affect highly hgmfied tissue break 
doAvn of xylem tissue is not extensive Although both organisms form the 
pectic enzymes, the action of pectic enzymes on the highly lignihed 
cells of the wood is obviously of little apparent functional value 

The nature of enzymatic degradation of cellulose is now under inten 
sive investigation by workers in many diverse fields with interests rang 
mg from fabric deterioration to rumen physiology As m the case of the 
work with pectic enzymes, it is now apparent that modification is neces 
sary in the concept that ail cellulolytic organisms form one cellulase that 
can break doAvn cellulose to glucose So little work has been done on 
cellulolytic enzymes of plant pathogens that it is not possible to relate 
these findings to the much more extensive information on enzyme systems 
of microorganisms causing degradation of cotton fabrics Presumably, 
plant pathogens will exhibit the same diversity in the nature of cellulo 
lytic enzyme systems that is now becoming apparent for saprophytic 
fungi and bacteria 

The decay of lignified woody tissue is restricted mainly to a rather 
specialized group of fungi If one were to rate microorganisms on an 
ascending scale on the basis of their ability to degrade the components 
of the host with relatively high resistance to decomposition, the white 
rot fungi might well be placed at the top because of the ease with 
which many of these organisms can destroy lignin Tlie recent studies 
on the nature of the polyphenoloxidase systems of certain white rot fungi 
will be helpful not only in understanding the mechanism of degradation 
of lignin but may also aid m the determination of the exact chemical 
structure of Iigmn 

B Needs for Future Research on the Mechanisms of 
Tissue Dtsintegration 

In attempting to digest available information on the mechanisms 
of tissue breakdown by microorganisms, one is naturally impressed b\ 
certain obvious gaps in present knowledge In addition to the absence 
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of knowledge of specific properties of pcctic enzymes, cellulolytic en- 
zymes, and polyphenoloxidase systems of most plant pathogens, the role 
of enzymes that affect other major components such as the hemicel- 
luloses and related non cellulosic carbohydrates is almost completely 
unknown The pressing need for tlie use of relatively pure enzyme 
preparations in future studies is apparent, although the difficulty of 
obtammg such preparations is admittedly very great 

In most instances, toxins affecting living cells of plants have been 
shown to be non enzymatic m nature (Brian, 1955) However, in the 
case of bacterial toxins formed by animal and human pathogens, many 
of these substances are enzymatic and certain of them injure their hosts 
by attacking proteinaceous substrates (Oakley, 1954) These observa- 
tions on animal toxins suggest tliat tlie possible role of proteolytic en- 
zymes in tissue disintegration by plant pathogens should not be over- 
looked The marked changes in permeability of the plasma membranes 
of cells surrounding an enlarging zone of necrotic tissue may well indi- 
cate changes m these membranes induced by enzymatic action on 
membrane surfaces The association of lipids and proteins in the forma- 
tion of the plasma membrane of livmg cells suggests that lipolytic as 
well as proteolytic enzymes should also be considered in this connection 
Within any livmg cell there exists the potential for the formation of 
enzymes capable of bringing about destruction of the cell components 
by a reversal of the original mechanism that created these compounds 
In the evaluation of pathogenesis, the part which such enzymes might 
play m tissue dismtegration has not been determined 

The recent progress that has been made m advancing knowledge of 
the mechanisms of tissue breakdo\vn serves to emphasize the pressing 
need for additional information on tlie basic nature of the enzymes 
involved in degradation of the mam structural components of the cell 
wall as well as the manner in which living protoplasts are killed and 
decomposed Knowledge of this type is fundamental and essential in 
elucidating the mechanism of pathogenesis which is one primary objec- 
tive of phytopathology as a science Furthermore, this information may 
serve as the basis for new and effective methods for the prevention of 
tissue disintegration in living plants or plant products, a problem of 
major economic importance 
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ism, morphogenetic laws are strictly obeyed and processes concerned in 
metabolism, growth, cellular differentiation, and organogenesis are pre 
cisely regulated These processes start and stop m harmony to give the 
organism certain proportions that remain constant from one generation 
to the next 


The normal plant may be looked upon as a precisely balanced com 
plex of mterrelated reactions that are m a state of dynamic equilibrium 
Any deviation in this complex of reactions will tend to disrupt the bal 
anced system and may lead to atypical, abnormal, or pathological growth 
It IS not surprising, therefore, that growth patterns of plants may be 
readily modified by external environmental conditions such as heat, cold, 
light, and humidity, by nutritional deficiencies and excesses, by radiation, 
by changes in genetic constitution, as well as by pathogenic organisms 
of the most diverse types The borderline between the normal and the 
abnormal in plants is, therefore, often quite indistinct and may represent 
merely quantitative changes which are evidenced either by a harmonious 
but somewhat e\aggerated manifestation of the normal developmental 
processes or, as is more commonly found to be true, by an arrest or in 
bibition of the processes concerned with growth and development At 
other times, orderlj qualitative changes result which m their most inter 
csting form reveal growth and developmental potentialities m a plant 
far beyond any realized m the past history of tlie species In the most 
extreme instances, plant cells undergo far reaching qualitative changes 
and ma>, as a result, become permanently modified into new cell types 
in Inch continued unregulated and unorganized growth, rather than 
differentiation, characterizes the behavior of the affected cell 

Of pirticuhr concern to the present discussion is the influence tint 
pirasilcs of man> different kinds exert on the growth and development 
of a parasitized plant 


Gaum.inn (195-1) lias indicated tint organisms are pathogenic onl> 
the> arc toxigenic Although tins sweeping generalization probabl) 
«mtams a hrK<r okment of IilHc is aclinl!> knoivn >et about tl.o 
""tclianisms underlying disease It is ncicr- 

mliibi eT'rs M plants is generally 

inhibited kvin in tliosL instances in wliicli the disc isc is \ory mild and 

M ■nfections of pol.Uo misled 

Cu i nf 1 r'", T'"'’ r " '•‘•"''■eallj significant inbib.t.on of 

1 cV "f'™’ Ptononneed stunt- 

ing is a cbirictiristic tninifcstation of disease in plants Tins m .> result 
either from ses eiiiit infection, or from the diffusion of spicific cbeinic.il 
compounds el ilmrnted bs a pitliogen eelncli itself rcnnms locib/ed m 
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the host These chemical substances fall essentially into two categories 
(1) enzymes, (2) soluble metabolites, many of which are capable of 
reproducing perfectly the toxic manifestations of disease and some of 
which have been characterized chemically (See further discussion in 
Chapter 13 (Volume 11 of this treatise) 

Of far greater biological interest than the substances which act in 
such an unsophisticated way to damage, kill, or otherwise mhibit growth 
of the cells of the host, are those substances that stimulate cells to 
excessive growth 

The regulation of growth, differentiation, and organ formation in 
higher plants appears to result, among other thmgs, from a very pre- 
cisely balanced senes of growth-regulating substances or hormones, on 
the one hand, and from inhibitory systems or other compensatory mech- 
anisms that control the synthesis and response of plant cells to such 
biologically active substances, on the other Certain metabolites elab- 
orated by pathogens appear to be quite similar or identical in their 
physiological action to growth-regulating liormones found to occur 
naturally m a plant When these are produced in excess by the pathogen 
during the course of infection, growth responses occur — in a host — that 
simulate those found following the artificial application of excessive 
amounts of such growth-promoting substances At other times, tlie 
chemical stimuli produced by tlic pathogen arc quite different from 
any thus far recognized in the normal plant and, being different, tend 
to divert the normal growth pattern of the plant into new and unusual 
directions Such morphogenetic stimuli appear to be of man> different 
t>pes They are commonly highlj specific m their action and regularlj 
induce unusual grow'th responses in an affected plant It must be recog- 
nized, ho\\evcr, that whatever form the growth ahnormahtv taJ.es, tJie 
potentialities for this form must ha\c been present in the cells of the 
liost Tliesc grow til potentialities are simply called into activity b> the 
inciting stimulus Thus, the morphogenetic stimulus produced tin* 
pithogen as well as the protoplasmic substrate of the host upon winch 
the slnnulus acts are critical in determining the txpc of growth tint 
results 

Finally, the metabolite elalxirated In the pathogen mav not itself lie 
a hormone or a morphogenetic stimulus of the txpe referred to al>o\e 
which directh influences the growth piltem of the host It mis instead 
affect spccificallx the regulators' mcclnnism of the host cells In ehm- 
initing cither tcmporarilv or permanenth those cellular sx stems tint are 
concerniHl w ith the rcgul it JOn of grow th or. allt niatn cly, it m i\ actn nte 
witJim the affectixl evil growth siihstancv-sx-nthe^sizing sxstems whose 
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products are concerned specifically with growth and developmental 
processes In these instances, it is the affected cell itself that elaborates 
growth promotmg substances — in greater than regulatory amounts — in 
response to a specific stimulus transmitted by a pathogen 


11 Harmonious Changes Involving Exaggerated Growth Responses 
A Generalized SUmulation 

1 Bakanae E-ffect 

Intensified manifestations of normal developmental potentialites have 
been recorded in a number of plant species following infection with a 
variety of fungi, many of which are obligate parasites The common 
houseleek, Sempervwum hirtum, grows as a rosette The leaves of this 
plant are broadly ovate m form and are about twice as long as they are 
broad Following infection with the rust Endophtjllum sempervivi the 
appearance of the leaves is altered They grow strongly in length and 
may be seven times as long as they are broad As a result, the leaves 
assume a linear shape Infected leaves stand erect and are much paler 
m color than are their normal counterparts 

Elongation of the mtemodes with a resulting significant increase in 
size appears to be a characteristic response of certain plants to mfection 
by specific pathogenic fungi Following infection of one of the spurges 
Euphorbia ctjparissias, by the aecial stage of the rust Uromyces pist, the 
stem of the host elongates greatly The distances between successive 
leaves m healthy Euphorbia plants are about 0 5 mm while those of 
infected plants are 2-3 mm The foliage leaves of the normal plant are 
thin, flexible, and about twelve tunes as long as they are broad In 
diseased specimens, the leaves are thick, britUe, and only about two to 
three times as long as they are broad Infected plants have an etiolated 
appearance Similar responses have been observed in Vacctnium vitis 
iflaca infected with the telculospore stage of Mclampsora gocppcHtona, 
in sugar cane with the downy mildew Sclerospora sacchari, and in 
Bromtis crcc/ws with the smut fungus Ustilago hypodytcs Alterations 
produ^d on the shoots of the pcnwmUcs Vmca hcrbacea. Vinca major, 
and \ mca minor hy the uredosporc stage of the rust Puccima vmcac 
and on the shoots of Cirsmm arvcnsc b> the tcleutospore stage of Puc 
rmfrt siWLCi^ris are also \ery similar to those described above for 
Euphorbia Tlie stems of the infected plants become much elongated, 
while the leasts arc shorter, broader. >ellow in color, and bnlllc when 
compared with the nonnal rreqiicnll>. tlie shoots blossom prenriturdy 
and tl.c flowers are more or less aborliNc \Vl,cn, for example. Primula 
cluslana and P mhwna are mfeclcd with Uromyces pnmulac inicgn 
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foleae, not only do the rosette leaves elongate but the flowers open in 
the autumn of the same year rather than in the following spring as hap- 
pens in the normal uninfected specimens. 

Pilet (1952, 1953) studied the auxin content of healthy leaves of 
Sempervivum sp, infected with Endophyllum sempervivi as well as of 
healthy and diseased leaves of Euphorbia cyparissias infected with 
Uromyces pisi in an attempt to account — on a physiological level — for 
elongation of the stem as a result of infection. Parasitized leaves of both 
plant species revealed a much higher auxin content than normal. On 
the basis of these observations, Pilet (1953) suggested (1) that the 
causal fungus elaborates auxins, (2) that the increased auxin level found 
in the host is produced by the host in response to the parasite, or (3) 
that the parasite produces something which activates precursors of 
auxins in the host cell and which in turn are converted into auxin. It 
has not yet been shown, however, that the application of auxin to normal 
plants results in an elongation of leaves and intemodes comparable to 
that obtained after infection by specific rust fungi. Brian (1957) has, 
therefore, suggested that the increased auxin found in the leaves and 
shoots of such plants may be coincidental rather than causal since quite 
different metabolic products of fungi, the gibberellins, have been shown 
to be responsible for stem elongation in the bakanae disease of rice as 
well as in many other plant species when these substances are applied 
artificially. 

The bakanae or foolish seedling, disease of rice is the best under- 
stood of this type of disease. It has been studied by Japanese pathologists 
for many years. A comprehensive review of this disease has recently been 
presented by Stowe and Yamaki (1957). The bakanae disease, which is 
caused by Fusarwm moniliforme (imperfect stage) or GibbercUa fuji- 
kuroi (perfect stage), is ^videly distributed and found in most rice- 
growing regions of the world. Fusarium moniliforme has a large host 
range, is soil-bome, and attacks the roots and basal portions of the stem 
not only of rice plants but of maize, cotton, sugar cane, and other plant 
species as well. In the case of rice, a bro\vning of the tissue usually 
occurs at the site of infection, the leaws tend to yellow and curl inward 
and, in many instances, grmvtb of affected seedlings is arrested. How- 
ever, some of the affected plants grow more rapidly than do healthy ones 
and are conspicuous in the field because of their height and cliolatetl 
appearance. Tlie dr\' weight of the elongated seedlings was found to lx- 
significantly greater than that of the healthy plants. Tin's overgrowth 
effect — occurring naturally— lias been reported onli* in rice, although 
artificial inoculation has resulted in increased growth in m.iire. l>arley. 
sugar cane, sorghum, millet, \\heat, and oats. 
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Kurosawa (1926) showed that the overgrowth or bakanae effect 
could be reproduced in rice seedhngs by treating them with cell-free 
culture filtrates on which the causal fungus had grown These filtrates 
reproduced all of the characteristic manifestations of the bakanae dis- 
ease such as lengthening of the internodes and leaves, chlorosis (except 
under conditions of nutrient excess), and reduced tillering This pioneer 
work of Kurosawa was followed by the isolation and chemical character 
ization of several biologically active substances Two powerful growth- 
promoting substances which were given the trivial names of gibberellin 
\ and B were isolated in crystallme form by Yabuta and Sumiki ( 1938 ) , 
and Yabuta and Hayasi (1939a, b 1940) It was found later that gib 
berelhn A is converted to B by warming m dilute acid at 50®-70° C Boil 
ing under acid conditions converted both substances into a biologically 
inactive compound named gibbenc acid A third biologically active 
substance, gibberellin C was isolated by Yabuta et at (1941a) from 
acid-treated gibberellin A The nature of the gibberellin skeleton was 
established by Yabuta et al (1941b) It was demonstrated in these 
studies that gibberene obtained by selenium dehydrogenation of gib 
berelhn A, B, or gibbenc acid is a fluorene derivative 

Another quite distinct but chemically related, biologically active com- 
pound was isolated by American workers headed by F H Stodola and 
by British investigators under P W Brian This substance was named 
gibberellin X by the Americans and gibberelhc acid by the British group 
Tlie latter name is now commonly used for this compound Although 
pbberellic acid, whose empirical formula is Cj.H.jOo, resembles gib- 
berellm A in biological activity and degradation products, it differs from 
this compound in infrared spectra, optical rotation, m certain deriva- 
tives as well as in the empirical formula The basic skeleton of gib- 
bcrclhc acid, like gibberellin A, was found to be gibberene, which 
Mulholland and Ward (1954) identified as 1.7-dimethylfluorenc This 
led Cross ct al (1956) to suggest the tentative structure for gibberelhc 
acid sho\\’n in Fig 1 It is reasonably certain that the formula shown in 
I ig 1 is essentially correct, although the exact points of attachment of 
the lactone grouping to the cyclohexcnol ring of gibberelhc acid are 
not knouTi as %et 


Rcccntl) . Takahashi ct al ( 1955) rct-xamined gibberellin A and found 
tins compound to be essentially homogeneous b> countercurrent distri- 
bution, paper and partition chromatographv Esterification followed by 
chrom itographv on aluinma led to the isolation of three mcth\l esters 
NNhich sscre nuned gibberellin A.. A,. A, Stodola c/ al (1937) beliesc 
Int their giblicrellm A is identical A, Gibberelhc acid was shossn 
to Ik.- Klenlical «ith A. C,!, berelhn A, has been isolated onl> m Japan 
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but Stodola (1956) reports its corrected empirical formula as CigHjeOe 
Thus, the existence of three distinct gibberellms appears to be established 
Evidence is now available suggestmg that the gibberellms elaborated 
by the fungus Gibherella fujtkurot correspond closely (m their biological 
activity) to growth regulating compounds found to occur naturally m 
higher plants West and Phmney (1957) have isolated — but have not yet 
identified chemically — an ether extractable substance from wild cucum 
ber seeds which, like the gibberellms of fungus origin, promotes the 
active growth of dwarf mutants of maize Since these genetic dwarfs 
appear to be due to single-gene defects, they may be explained as result- 
ing from blocks in the bios5mthetic pathivay leading to the formation of 
a natural gibberellm-like substance The gibberellms appear to substitute 
in the plant for the missing product of that reaction Very recently Mac 
Millan and Suter (1958) have obtained high yields of gibberellin A, 
from the seeds of runner bean plants The isolation and characterization 
of gibberellin At from a higher plant indicate further that this com 
pound, m all probability, participates directly in the growth-regulating 
system of higher plants and, therefore, represents a new tipe of en 
dogenous growth regulator 



Fic 1 Cibbcrcllic acid 


The gibberellms of fungal origin have been applied to a I irge number 
of different plant species and have produced a variety of responses The 
most consistent and striking response is a marked elongation of plant 
stems In one sunej of 42 different plant species belonging to man\ 
different families, only 3, while pine, gladiolus, and onion, failed to 
respond with stem elongation In many instances, not onb do the stems 
crow longer but also they are proportionateh llncktr Cibberellm triatic! 
oik and maple trees are not only taller hut Iiaie a diimettr more thin 
twice as great as that of untreated control specimens Hn m and Iltin 
mmg (1955) !ii\c reported remarkable stimulation of dwarf larutus of 
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peas, broad beans, and French bean by gibberellic acid The treated 
dwarfs and untreated normal plants grew equally well 

In the bakanae disease of nee as well as m certain related diseases 
described earlier in this discussion, infected plants that reached maturity 
flowered earlier than did normal plants of the same variety With the 
availability of pure gibberellic acid for experimental purposes, Lang 
(1956) found that a biennial variety of Hijoscyamus treated with that 
substance bolted and flowered in the first year In a later study, Lang 
(1957) found that m annual varieties of Htjosetjamus, Silcne, and Sam- 
olus the long-day requirement for flowering could also be replaced by 
gibberellic acid Wittwer et al (1957) found that gibberellic acid-treated 
lettuce bolted and flowered under photopenodically adverse conditions 
These same workers reported the gibberellins to be 500 times more effec 
tive than indoleacetic acid in inducing parthenocarpy in tomatoes 
Reduced fruit yields are characteristic of the bakanae disease Hayashi 
ct fil (1953) found that the gibberellins reduced rice gram production 
by 32% although the yield of straw was increased by 14% 

Stowe and Yamaki (1957) suggest that the one property common to 
the gibberellins is their capacity to remove certain limitations on cell 
enlargement, while incidentally releasing other responses Despite this 
similarity to the auxins, the gibberellins are not auxins but appear to 
depend for their activity on the presence of au\ms The biological activ- 
ity of these substances has been attributed (Brian, 1958) to the neutral- 
izatmn of a growth-inhibitory system which normally limits growth 
Certain other plant diseases give indication that infection interferes 
with the synthesis or utilization of gibberelhn-like substances Carrot 
plants infected with the tomato big-bud virus of California, as well as 
w ith a related virus found to occur naturally m carrots in the State of 
\\ashin^an, were showm by Kunkel (1951) to bolt and flower prema 
ture > Tlicse findings suggest that virus infection may increase the 
smtliesis of gihbcrellin-hkc substances by the plant On the other hand, 
m the rosette diseases, as exemplified by peach and peanut rosette, infec- 
on may interfere ^^.th the normal synthesis or utilization of these 
n W substanres In the plant Tlie stunting effects, but not 

mTroLh 19^') reversed with gibberellic acid (Mara 

R Gnownt Changes in Leaxes antj Pctioles 
1 GroK;//i Afovcnienls 

‘" Changes m position of a IjilateralK sjm- 
inotncal organ as a result of differential growth Epinast, of leaf petioles 
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has been found by Wellman (1941) to be a characteristic early symptom 
of the Fusarium wilt disease of tomato plants Hunger (1901) and 
Smitli (1920) found it to be associated with Granville wilt, while Grieve 
(1941) recorded this condition as a primary symptom in roses affected 
with the rose wilt virus Pronounced epinasty has also been produced 
experimentally by Locke et al (1938) following moculation of tomato 
plants with a highly virulent stram of the crown gall bacterium Hypo- 
nasty, on the other hand, has been observed in plants infected with 
Lrwtnia phijtophthora 

Grieve investigated the question of epmasty of the leaf petiole as it 
occurs m the Granville wilt disease (1936, 1939, 1940) In this instance, 
the growth response was found to be an irreversible one and the invasion 
of one lateral trace by the bacteria was sufficient to induce it Grieve 
reported that a growth substance which appeared to be indoleacetic acid 
was elaborated by the bacteria in culture and that this substance mduced 
a characteristic epmastic response when applied to tomato plants How- 
ever, virulent and avirulent cultures of the bacterium produced approxi 
mately equal amounts of the growth-promoting substance Furtliermore, 
no significant difference between the growtli substance content of com 
parable control and mfected stem segments could be detected Studies 
of the growth substance distribution in upper and lower halves of roflex- 
ing petioles, on the other hand, showed a significantly greater concen 
tration m the upper halves In normal petioles, the concentration of 
growth substance was found to be greatest m the lower halves of the 
petioles Grieve (1939) reached no definite conclusion as to how the 
redistribution of growtli substance m the basal part of tlie petiole is 
accomplished He pomted out (Gncve, 1943), however, tliat the balance 
of the normal growth-controlling mechanism at the base of the petiole 
IS very delicate, as evidenced by the fact that ethylene, m one part m 
ten million parts of ambient air, as well as \ery minute amounts of 
growth substance from bacterial cultures will disturb it Grieve considers 
that even a small stimulus from tlie invading organisms can initiate a 
chain of reactions that leads to a redistnbution of grow th substance w itli 
a resulting nastic response 

More reccntlv, Dimond and Waggoner (1933) made a detailed invcs 
ligation of the cause of epinastjc symptoms m rtisanuni wilt of tomato 
plants From these studies it was concluded tliat tth>Ienc is responsible 
for the cliaracteristic growth response Tins conclusion was basenl on the 
finding tliat ethylene is produced in culture by the causal agent of this 
discise', rusonum ox7/sj>orttrti S Ji/copcrsici FtJjvJcne proiliiction b\ m 
fcctcd tomato plants was demonstrated, moreover, bv confining sucli 
plants with litaltliv indicator plants Under these conditions, cpfnastic 
responses developed to a greater degree than when tlie indicator pi mis 
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were confined with healthy tomato plants In these studies, ethyl alcohol, 
uhich IS capable of causing epmasty m tomato and which is produced 
by the causal fungus m culture as well as in the infected host, was also 
considered a possible cause of the gro\vth response This compound was 
ruled out, however, because the amounts produced by the fungus in the 
hosts were insufficient to account for the observed epmastic responses 
Another characteristic response — mvolving growth movements — which 
IS associated with certain disease conditions is concerned with the up- 
right growth habit of leaves This is one of the most characteristic 
symptoms of the aster yellows disease m many different plant species 
Leaves on a normal aster plant take approximately a horizontal position 
in relation to the mam axis of the stem In virus-mfected plants, on the 
other hand, the petioles elongate and the leaves assume an extremely 
upright habit of growth which approximately parallels the mam axis of 
the plant It is this upright habit of growth that suggested the name 
rabbit ears for lettuce plants infected with the aster yellows virus 
Kunkel (1954) has shown that twigs of peach trees infected with 
peach yellows virus characteristically assume an upright growth habit 
In this instance, the plants can be cured of the disease by thermal treat- 
ment After cure, the new growth of such twigs again takes a normal 
position with respect to the mam stem This change necessitates a 
ch mge m the direction of growth of the terminal bud 


2 Cwrllmg and Distortion 

Tlie curling and distortion of leaves are characteristic of many dis- 
eases Needless to say, such well known maladies as curly top of sugar 
eet, peach leaf curl, and leaf roll of potatoes have been assigned their 
trivial names because curling of leaves is the most conspicuous symptom 

1 nnli ^ of 'eaf rolling is found in the 

-called scroll galls produced by certain insects Under the influence of 

.rwh err'"’ ‘O fo™ Ughtly roned scrolls 

m which the insects live 

studieTnf’j'r' perhaps the most 

ounfle-iver r? commonly infects very 

arc the q“'te red or paler in color than 

nuckted ™ become curled and 

llic iiostUll r 1®"™ ^ "’•ckness, and have a firm consistency 
llio host rells which arc in contact with the invading fungus aro stimu- 
lated to abnormal actiMt, Tins may involve isolated remonsTf aTcaf 
TumJr raVrof ‘be leaf Such cells increase m size and 

• eT Lnsfer if! T f fo™ “"d structure of the 

leaf. Less of chloroph>ll is almost complete m the stimulated cells The 
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increase m size of the cells on either side of the midrib results in a 
puckering of the leaf At the same time, the leaves tend to curl and 
become concave on the lower side The cells of the palisade parenchyma 
respond much more actively to the stimulus of the fungus than do the 
subjacent cells of the spongy parenchyma, thus producing the curling 
Link et al (1937) have reported that a substance having the properties 
of an auxin and which was presumably indoleacetic acid was extractable 
from Taphrina deformans culture filtrates The role, if anv, that this sub 
stance plays in the development of the disease picture as described above 
is as yet not clear It is nevertheless true that auxins are capable of 
stimulating cell enlargement of the type described above in paren- 
chymatous cells of many different plant species 

3 Frenchtng and Shoestrmgmg 

Frenching, a well-known deformity of tobacco, occurs in most 
tobacco-growing regions of the world This condition is, in an advanced 
stage, characterized by a cessation of terminal bud and stem groivth, 
and by a reticular type of chlorosis m the slovvlj expanding new loaves 
This chlorosis may disappear as the young leaves develop and become 
strap shaped (sword and string) as a result of the failure of the leaf 
lamina to expand As apical dominance m sucli diseased plants is lost, 
the axillary buds develop and an unusuallv large number of leaves — 
which mav he as high as 300 — appears on a plant Tlicse leaves assume 
an upright growth habit and arc commonl> sword or string sliapcd 
Such plants have the appearance of a rosette or, in extreme instances of 
a witches’ broom Hoot growth is also somewhat mhihitcd although the 
effect on the leaves appears to be the most characteristic feature of tlie 
disease 

Tlic extent to whicli frenching modifies tlio morpliologv of a leaf can 
be seen from some figures that arc given bv Wolf (193.5) \ornnl 
tobacco leaves average 55 cm in length and 30 cm in width Tlie cor 
responding measurements for sword leaves and string leaves are 10 cm 
X 10 cm , and 27 cm X 1 S cm , respectivclv Histologicril sludit's show 
moreover, that the diseased leaves arc two to thric turns as thick as 
normal haves Tins increase in thickness is due' to .m rnlargiaiunt of 
cells of all the leaf tissue excvpl cells of the \ iscular svstim Schu«i/tr 
(1933) has indic“att‘<l tint the wiem is mtrkedlv reduevd m ih\clop 
mont m frenched le ivis In mature string leaves the parenclivana reimms 
fjtiile jiivtaule with little or no evidence of dtirsurntralilv 

Although the cuise of frenclimg is not cleirlv i-st ibluluil it is ntnv 
liclievesl to l>e a toxlcitv discxsc rather than the ri'vult of a nufntKmal 
doficumev Vo parasitic organism of am kind Ins vet lieen /mphea^’sl 
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in this condition. McMurtrey (1932) described briefly the similarity of 
frenching symptoms to those of thallium toxicity in tobacco. Spencer 
(1935) found that one part of soil obtained from a field in which 
frenching occurred mixed with 2,000 parts of sand produced typical 
frenching in the test plants. Thus, a toxic factor, effective in very low 
concentrations, was present m frenching soils. Spencer (1935) tested 33 
different elements on tobacco and found, as had McMurtrey, that only 
thallium at a concentration of 5 p.p.m. or less produced chlorosis, strap- 
shaped leaves and other symptoms characteristic of frenching. Later, 
Spencer and Lavin (1939) indicated that frenching and thallium toxicity 
are probably two distinct physiological conditions. 

Steinberg (1947, 1950) has suggested that frenching of tobacco is 
caused by the action of diffusates from the presumably nonpathogenic 
soil bacterium Bacillus cereus. The effectiveness of B. cereus diffusates 
in eliciting typical frenching symptoms in tobacco varied with the kind 
and quantity of peptone used and the concentration of inorganic nitrogen 
in tlio test medium. 


Bacillus cereus is a widely distributed soil microorganism. The pro- 
gressive development and type of symptom produced by it in tobacco 
(m aseptic culture) largely parallel those that appear in plants subject 
to this abnormality under field conditions Moreover, rhizosphere and 
rhizoplane counts of this organism increased by 65% and 200%, respec- 
tively, when frenching occurred in the field. The nature of the toxic 
substance is not yet known. 


Steinberg (1952) has shown that slight excesses of certain amino 
acids caused production of symptoms resembling frenching in tobacco 
seedlings. Frenching symptoms were, however, limited to the natural 
isomers of alloisoleucine and isolcucine in tobacco and to these com- 
pounds and leucine in Nicotiana rustica. Alloisoleucine was most effec- 
tive m both species and as little as 2 to 8 p.p m. resulted in chlorosis and 

was ineffective when 

1 r r' isoleucine in N. rustica. 

Anal>tical studies indicated, moreover, that frenching was found to be 

"tim and other free amino 

rmids m the leaf lamma of ficld-gro^vn plants (Steinlierg ct al 1950). 

^m-“soof^o -ir "'"I™ frenching soil and ll.e n,arked 

dr^n On, “"'^'■«ion was tl.crefore 

in llic Lrann„l Wo excessive quantities of free amino acids 

prmwtn oni,hn„' T involved in the 

Rested l.y SteiniK-rg (Tg-j’nradinrto'T ‘'1° 

h leading to abnonnal groivtii in frcncliing of 
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field tobacco were, therefore, as follows bacterial soil toxin ->• receptor 
excessive accumulation of isoleucine and other free ammo acids in 
the leaves — > frenching 

A condition resembling frenching may also be caused by certam 
strains of the tobacco mosaic and cucumber mosaic viruses or a mix 
ture of these viruses, as well as by a gene mutation Kunkel (1954) has 
reported an extreme mstance of shoestrmgmg caused m tomato plants 
by a mixture of tobacco mosaic virus and the virus of carrot yellows of 
Texas Leaf-blade development in this instance was completely sup- 
pressed Just how these viruses suppress or prevent leaf-blade growtii 
IS not xmderstood 

The so called ‘^vlry” tomato plants described by Lesley and Lesley 
(1928) are not unlike those which result from the virus diseases of the 
shoestring type reported above Wiry plants appear, however, to result 
from genic mutation This condition is recessive to the normal and the 
plants are completely sterile The leaves of these plants are variable m 
shape but have a strong tendency toward reduction of the leaf lamina 
and m extreme instances the leaves consist merely of a tapering midnb 

C Growth Changes tn Stems and Branches 
1 Organs Artsmg tn Unusual Places 

a Adventitious Roots The development of adventitious roots on 
stems of plants has been reported to be a clnractenstic host response 
associated with certain bacterial, fungal, and viral diseases 

A number of investigators (Bryan, 1915, Grieve, 1936, 1940, Hunger, 
1901, Smith, 1914, 1920) have described this phenomenon following 
infection of tomato and certain other hosts mth Pseudomonas solan 
acearum Smitli (1914, 1920) reported it to be associated with the Grand 
Rapids disease of tomato which is caused by Conjnebactcrium mich 
iganense Adventitious root formation was found to occur on lomito 
(Locke et al , 1938) and Kalanchoc (Price and Gamor, 1954) following 
inoculation of those host species with the crowu gall bacterium It has 
also been observed by Wellman (1941) and Dimond and \\\aggontr 
(1933) m tomato plants diseased willi rtisanum wilt Certain \ mists 
such as the cranberry false blossom virus in tomato as well as lint 
implicated etiologicall> in the scrch disease of sugar cane, character 
islicalK stimulate root formation m the stems of tlicir respcctuc hosts 
Grie\e (1936, 1910) studied the development of adventitious root 
formition m tomato plants infected vvilli Pseudomonas solanaccarum 
Tins investigator found tliat the new roots arise commonlv over a span 
of several intcmodes along the path of the primary bundle except in 
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those instances in which the disease progresses with great rapidity, in 
which case these adventitious structures do not develop Histological 
examination of transverse and longitudinal sections of infected plant 
stems demonstrated tliat adventitious roots usually develop in regions 
where large pnmaiy bundles are affected The initiation of root pri 
mordia often precedes the advancing bacteria, mdicating action at a 
distance Grieve applied mdoleacetic acid to the stems of tomato plants 
and found that the roots initiated were similar to those resultmg from 
infection This finding suggested that the bacteria are mducing root 
formation either directly as the result of the production of a growth 
promotmg substance, or indirectly through their interference with the 
metabolism of the plant In attempting to distinguish between these two 
possibilities, Grieve found that Pseudomonas solanacearum produces in 
doleacetic acid from tryptophan m culture However, virulent and aviru 
lent strains produce approximately equal amounts of this substance The 
possibility that the bacteria produce an auxin in the xylem by acting on 
naturally occurring or artificially introduced tryptophan was examined 
uut no evidence for such production was obtained No difference in 


auvm concentration could be detected, moreover, between healthy and 
aisciscd plants by bioassay methods Furthermore, adventitious roots 
«)uld be produced by cutting or blocking the bundles These findings 
iccl C,rievc to question whether the bacteria induce the formation of 
adventitious roots directly through the elaboration of mdoleacetic acid 
^ i production of these structures 

Xnt /‘^'“■•bances of norm.-.! ouxin transport m the 

Pri'n- ° 'nnical blocking of the vessels by the bacteria 

advcnlitinm r ^ reported a striking correlation between 

iSoe iH 1 “PT"* “■«’ --ber of leaves present on a 

dnt a s2i‘l“‘ .noculated with eroi™ gall These workers suggested 
' e^ m ; r f" '‘‘■mulat.on of adventitious roots is organ- 

^nt the l' l olL'lll" of fl'o tumor 

e- Vk hi "fve substance is not indoloacel.c acid was indi- 

i mis of tliot "l f ■" lanohn-apphed to 

rXidonmen of ube moculation-d.d not sLuhtc 

Dt'Ronn flOlTat b "l ' Kalanchoc dalgrcmonliaiw 

mg s .1 Hnce .! I ' , iT’ " PO'^tbil root stimulat- 

giVrniK^^rs Idl ''r'” r'™ sail tumor cells In croun 

II apptirs likch, tlicrcfore. that tlio r i 

formation oriKinitc^ m the cells of adventitious root 

the cauid bicltrn " than d.roetK from 
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b ut. 11 ,1 udi of this host as dcscrilied atHise 


>s not unlike that of the 
WVIhmn (1911) ri’iiortcd 
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adventitious roots associated with this fungus disease Since epmasty of 
the leaf petioles often appears on plants showing adventitious root 
formation, Dimond and Waggoner (1953) have suggested that in the 
case of Fusartum wilt, adventitious root formation, like epmasty, may 
result from the production of ethylene either by the causal fungus or 
by the cells of the host as a result of the interaction of the host and 
the pathogen 

b Adventitious Shoots The witches'-broom virus in potato causes the 
infected plant to produce numerous buds at the nodes m the above- 
ground stems of potato plants Long slender stolons that resemble aerial 
roots but which are covered with trichomes develop from these adven- 
titious buds Aster yellows virus and carrot yellows virus from Te\as, on 
the other hand, stimulate the production of small aerial tubers in the 
axils of the leaves of potato plants 

An extreme example of adventitious shoot formation was reported 
about 100 years ago by von Martius This worker described an unusual 
plant that possessed a mania for forming innumerable leaves and shoots 
This species has been appropriately named Begonia phylhmaniaca 
Plantlets develop spontaneously in incredible numbers from the super- 
ficial cell layers of the leaf lamina, petioles, and stems Envin Smith 
(1920) studied phyllomama and believed it to be conditional on shock 
such as is encountered during the repotting of plants Smith indicated, 
moreover, that the cells of leaves and mtemodes are susceptible to such 
shock only during a relatively brief period of mcristematic growtli The 
adventitious shoots do not arise from preformed buds but develop from 
totipotent cells at the base of the trichomes and especially from botryosc 
glands which are found in great abundance in >oiing stems and leaves 
of this species These embryo plants de\clop a vascular s>stem of their 
own but the vast majontv never succeed in connecting this witli tlic 
vascular svstem of the plant They must, therefore, be considered not as 
branches but rather as independent organisms 

2 '\Vilches'’Broojns 

Wilches’-brooms, or “liexcnbcscns.*’ arc cIoscK grouped , mucli 
branched structures commonb found to occur on a number of different 
species of trees and shnibs Tlic stimulus ncccssan for their formation 
IS supplied m different plant species b> pathogens of tlic most diverse 
t>pes Tungi of the genus Taphnna and vanous rust fungi are effective 
in inducing witches ’-broom, wliile distinct virus species hive l>een sliown 
to cause the fonnation of such an abnormahtv in alfalfa, potato, |>cach 
and the black locust Bos (1957) Ins rccenllv presenlerl a dt tailed 
account of tlic \inis-induccd vv itchcs’-broom An enoplnid inltc belong- 
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mg to the genus Aceria, followed by a powdery mildew fungus, is said 
to be mvolved m the development of branch knot so commonly found 
on the hackberry 

Typical witches’-brooms caused by the fungi appear to live a more 
or less independent life and act as parasites on the plants from which 
they are derived In accordance with their independent existence, 
witches’-brooms tend to break away from the correlations of the 
parent plant Instead of branching out horizontally, the brooms stand 
as more or less erect clusters of branches A normal dorsiventral 


symmetry is thus changed to a radial symmetry Witches' brooms as a 
rule do not produce flowers, indicating further a breakaway from the 
correlations of the parent plant Hemricher (1915) has shown, more- 
over, that a twig of a witches’-broom caused by Taphrma cerasi grafted 
to a healthy sweet cherry tree develops again into a typical witches’- 
broom The independence of these structures is further shown in an 


impaired periodicity The vegetative buds found on the brooms of the 
sweet cherry, for example, open several weeks earlier than do those 
present on healthy branches ( Schellenberg, 1915) Gaumann (1946) has 
pointed out that this premature unfolding of the buds is probably asso 
ciated with the fact that the shoots and buds comprising the broom 
never achieve a true winter dormancy since the pathogen never becomes 
entirely quiescent Tins incomplete winter dormancy may result in a 
NMn^r killing of the first year twigs present on a broom 

Tlie witchcs’-broom of the silver fir caused by Melampsorella cartjo 
pUijUaceanim is typical of this peculiar type of growth The primary 

in ection is said to occur in the young bark of branches surrounding 

Ml s n t le spring when the buds develop, the fungus mycelium grows 
into the epidermis of the developing shoot and penetrates the cortex so 
tint b) fall a slight s^\elhng of the shoot axis is found Dunng the fol- 
o^^,ng > car an osergrowth of considerable size may be formed and 
nids embedd^ in this growth dc\clop to produce the characteristic 
fwi!? 1 ^’^ particular type of broom are found to 

from T '"f 'V'?/ " Til'S ■•■'S>'I'S 

« iT '""."if,™’''"?' P'«''--ncli>ma IS spongy and tho «ood is 

d^alV ‘ ™ ‘"■S "’I '"'"'es found on tl.e 

d,stas«I speemens rc-mnn short, arc sellon.sh m color, and fall off 

n <1 W "i ‘"’Is on tl.e other 

r f "PP" "'I'', and commonly remain 

".r 1 n, ore rears Tl.o Ionger.lv of tl.e diseased trr.gs Ihem- 

hrliw ' ‘'7'* "" S''">K tnie to the dn, 

hrislling hroomr characlcr.rtic:.ll, found on the s.Irer fir 
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The witches’-broom like effects that occur m certain plant species 
following virus infection appear to result from the excessive stimulation 
and development of secondary shoots This condition is not accompanied 
by swellings or overgro\\ths characteristic of many of the fungus-induced 
brooms 

Brian (1957) has suggested that the diseases characterized by exces- 
sive branching may well be due to auxin deficiency rather than to 
auxin excess Lacey ( 1948 ) has, m fact, shown that cultures of Cortjne- 
bacterium fascians, the causal agent in leafy gall development on certain 
plants, are capable of rapidly destroying indoleacetic acid and other 
auxins present in plant tissues 

D Growth Changes tn Floral Organs 
1 Alterations of Floral Parts 

Under the stimulus of pathogens, the sepals, petals, stamens, or 
pistils of a flower may be transformed into structures that are very 
different in appearance from those found normally Kemer von Wanlaun 
(1891) has reported that double flowers are produced m Vatenanella 
cannata, the common com salad, as a result of infestation by a mite 
This doublmg results from a retrograde alteration of the stamens into a 
whorl of petals These petals, under the stimulus of the mite, enlarge to 
more than fifty times their original size and finally appear as fleshy lobes 
which fuse with one another into a disc The greatly enlarged lobes bend 
back^vard and are concave on the lower side It is in the caMties tinis 
formed tliat tlie gall mites live 

In tile capitula of certain of the milfoils, Achillea millefolium and 
A nana, the peripheral ray florets and the central tubular ones become 
leaf-like in appearance and assume remarkable forms as a result of mite 
infestation A capitulum is often subdivided into several stalked sub 
capitula, while the flowers are altered into green funnel shaped structures 
witli jagged mouths and into small flat-Iobed green foliage leaves, while 
short green scale-like leaflets, which represent modified stamens, develop 
from the midribs of these leaves Sometimes, however, the changes in 
growth pattern following mite injurv arc not so extreme as the two 
instances cited above might suggest In Vcronicn saxalilis, for examplt, 
the development of numerous hairs on the rachis of the raceme, the 
pedicels, and tlic bracts appears to be the onlv characteristic host re 
sponse Hairs are not present in the corresponding normal stnicturcs of 
this plant species 

Douliling of tlie flowers of the alpine rose, Hhwlorlcnflron frr- 
ruguictttn. Ins Imhii reportt'd b\ Kemer von Marilauii (1S91) lo rt*sult 
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mg to the genus Aceria, followed by a powdery mildew fungus, is said 
to be involved m the development of branch knot so commonly found 
on the hackberry 

Typical witches brooms caused by the fungi appear to live a more 
or less independent life and act as parasites on the plants from which 
they are derived In accordance with their mdependent existence, 
witches’ brooms tend to break away from the correlations of the 
parent plant Instead of branching out horizontally, the brooms stand 
as more or less erect clusters of branches A normal dorsiventral 


symmetry is thus changed to a radial symmetry Witches’ brooms as a 
rule do not produce flowers, indicating further a breakaway from the 
correlations of the parent plant Heinricher (1915) has shown, more- 
over, that a twig of a witches’ broom caused by Taphrina cerasi grafted 
to a healthy sweet cherry tree develops again into a typical witches’- 
broom The independence of these structures is further shown in an 
impaired periodicity The vegetative buds found on the brooms of the 
SN\eet cherry for example open several weeks earlier than do those 


present on healthy branches (Schellenberg, 1915) Gaumann (1946) has 
pointed out that this premature unfolding of the buds is probably asso 
ented with the fact that the shoots and buds comprising the broom 
never achieve a true winter dormancy since the pathogen never becomes 
entirely quiescent This incomplete winter dormancy may result in a 
inter killing of the first year twigs present on a broom 
Tlic witches broom of the silver fir caused by Melampsorelln canjo 
pnijUaccarum is typical of this peculiar type of growth The primary 
in ection is said to occur m the young bark of branches surrounding 
buds In the spring when the buds develop, the fungus mycelium grows 
into the epidermis of the developing shoot and penetrates the cortex so 
that h> fall a slight swelling of the shoot axis is found During the fo) 
ouing ^ ear an overgrowtii of considerable size may be formed and 
HI s cm )e c« m this growth dcaclop to produce the characteristic 
( cformilion Tlio l^Mgs of tins particular type of broom are found to 
tics clop in nhorls Tlio> arc short, tliicl. soft, and pliable This results 
from tlie fact that tlic cortical parcncli)ma is spongy and the stood is 

tlnii do those present on a healths tssig ssliile the leaves found on the 
d,se,as«l specimens remain short, arc >clIosv,sh m color, and fall off 

hnn? i' .T"; "»™il tsvig are. on the other 

I mi,, straight, dark green on the upper side, and commonly remain 
.1 pesitioii 5 nr more sears The longesits of the diseased tss.gs them- 
elst^ IS nn.tctl and thes die ssitlnn a fess sears. Rising rise to the drs. 
hrisllmg brooms cliaraelcristicalls found on the silscr Hr 
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The witches’-broom-like effects that occur m certain plant species 
following virus infection appear to result from the excessive stunulation 
and development of secondary shoots This condition is not accompanied 
by swellings or overgrowths characteristic of many of the fungus-induced 
hrooms 

Brian (1957) has suggested that the diseases characterized by exces- 
sive branching may well be due to auxin deficiency rather tlian to 
auxin excess Lacey (1948) has. m fact, shown that cultures of Coryne- 
bactenum fasc^ans, the causal agent m leafy gall development on certain 
plants, are capable of rapidly destroying mdoleacetic acid and other 
auxins present m plant tissues 

D Growth Changes in Floral Organs 


1 Alterations of Floral Parts 

Under the stimulus of padiogens. the sepals, petals, stamens, or 
pistils of a flower may be transformed mto structures that are very 
different in appearance from those found normally Kemer von Marilaun 
(1891) has reported that double flowers are produced in Valerianella 
cannata, the common com salad, as a result of infestation by a mite 
This doublmg results from a retrograde alteration of the stamens into a 
whorl of petals These petals, under the stimulus of the mite enlarp to 
more than fifty times their original size and finally appear as fleshy lobes 
which fuse with one another into a disc The greatly enlarged lobes bend 
backsvard and are concave on the lower side It is m the cavities thus 

formed that the gall mites live „ , , , 

In the capitula of certain of the milfoils, Achillea miUefolmm and 
A nana, the peripheral ray florets and the central tubular ones become 
leaf-hke m appearance and assume remarkable forms as a result of mite 
infestation A capitulum is often subdivided into seseral stalked sub 
capitula, while the flowers are altered mto green funnel-shaped stmctnres 
witli jagged mouths and mto small flat-Iobed green foliage leaves while 
short green scale-like leaflets, which represent modified stamens, develop 
from the midribs of these leaves Sometimes, houever, the changes m 
growth pattern folloumg mite injury are not so extreme as the tsso 
instances cited above might suggest In Veronica saxatihs. for examp e, 
the development of numerous hairs on the rachis of the raceme the 
pedicels, and the bracts appears to be the on > characteristic host re- 
sponse Hairs are not present in the corresponding normal structures of 

‘''"Douhhnrorthe floucrs of the alpine rose R'^ofochiulron fer- 
rriginciini. has been reported by Kemer von Marilaun (1S91) to result 
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from gnat mfestation In this instance the stamens and carpels are trans 
formed into red petals Since flowers of this species normally have 10 
stamens and 5 carpels, there should be only 15 red petals in the center 
of each but there are often two or three times that many present It tlius 
appears that not only metamorphosis but multiplication takes place 
According to Tschirch (1890), the aphid Astegopteryx stryacophtla 
induces remarkable changes in young flowers of Styrax benzoin Tlie 
calvx, corolla, and androecium are transformed into large abnormal leaves 
that form bag like pockets The pistils, however, appear to be unaffected 
in this instance 


Metamorphoses of floral parts of higher plants are also brought about 
by certain species of fungi The transformation of stamens into petals 
commonly follows infection of Viola syloestns by Puccmta oiolae Sim- 
ilarly, Peronospora violacea has been reported to encourage stamen 
pnmordia in the flowers of Knautia arvensts to develop into petal-hke 
structures An extreme instance of phyllody is found when flowers of the 
Japanese plum are infected with a rust of the species Cacoma makinoi 
In this instance all of the floral parts are transformed into foliage leaves 
In the alder the bracts of the pistillate flowers are changed by Taphrina 
aim mcanac (Amcntorum) into greatly elongated purple-red spatulate 
lobes \\hich arc tNsisted and bent 


\on Tubeuf (1895) has reported that when Albugo Candida infects 
the inflorescences of the radish, the ovary, calyx, and corolla enlarge and 
the andrwcium assumes a leaf-hke appearance Stamens may become 
green and leaf-hke in the downy mildew disease oi Penmsetitm glaucum 
an ot icr grasses Tlius, this disease, which is caused by Sclerosporo 
gramimcola, is popularly kmown as green ear. In the case of head smut 
o maize caused b> Sorospomwi rcihonum. the whole staminate head 
or the ear may become a leafy structure 

In the United States, there are at least three different viruses, the 
IS 1 r \ c o\\ s \ mis, the eranberrv false blossom virus, and tomato big bud 
s inis, tint produce gigantism iii tbc floral organs and more particular!} 
L St pa s an ca }ses of tomato and certain other solanaecous plants 
1 le toin ito big bud Mrus appears to affect the sepals rather specificall} 
fim* greatly under the influence of this virus and 

ih. tin' "”ti >Iaddtr-like growths that conceal the inner parts of 
^1 llm tr The stamens and pistils do not appear to be greatly affected 

smptoins in the f oner trusses of tomato tint arc almost identical ssitli 

' !;T"f ''"'■“"S'l tliese three smises ta.ise 

ipiU of tarlain tif the snianaceoiis plants to enlarge gre.itls, the} 
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do not have this eflFect on sepals of species of certain other families They 
do not, for example, cause gigantism in the sepals of the flower trusses 
of the periwmkle, Vinca rosea, but they bring about a virescence m the 
petals, stamens, and styles There is, m this instance, a retrograde devel 
opment of floral parts into foliage leaves It is, therefore, clear that the 
type of symptom produced depends as much on the species of plant in 
which the virus multiplies as on the nature of the virus 

The aster yellows, cranberry false blossom and carrot yellov\s virus 
of Texas stimulate the formation of adventitious buds in the stigmas of 
flowers of a number of different hosts Such buds may give rise to either 
flowers or to leafy stems which in turn may bear flowers 

Bos (1957) has recently attempted to interpret the development of 
the flower and its component parts on the basis of the phenomenon of 
antholysis accompanying virus infections in Crotalaria and certain other 
hosts This investigator has suggested, on the basis of the homology of 
the reproductive and vegetative parts of a plant and their morphogenetic 
development, that the sexual and vegetative activities in the plant are 
mutually antagonistic A growing point can develop only into an inflor 
escence or into a vegetative shoot Durmg flower initiation the vege 
tative characters are suppressed and sexual characters prevail Tlie sexual 
characters remain suppressed on the otlier hand, during vegetative 
growth From the manner of appearance of antholysis in virus infected 
Crotalaria. plants, Bos has concluded that flower induction is stopped 
suddenly and that subsequent development of the floral pirts proceeds 
exclusively m a vegetative manner The ultimate result obtained depends 
upon the stage of development of the primordia m tlie bud at the time 
of suppression of flower induction by the virus Thus, Bowers initiated 
m succession, produce a senes of flowers showing increasing antholysis 
These — in reverse order — clearly show a macroscopicafl> recognizable 
picture of the morphogenesis of the flouer and of its component parts 
Tlierefore, according to Bos, antliolysis supports the theor\ that the 
flower must be regarded as a modified leafy branch 

2 Ooercommg of the NomiaJhj Arrested Development of Floral Ports 
The anther smut, Ustilago vtolacca, produces its spores onI> on the 
anthers of certain hosts When tins fungus infects the female flouers of 
Mclamlrium album or M choiatm, the stamens, uhicli arc normalI> 
arrested m their development and are present onI> m a rudimentar\ 
form m tlie pistillate Rowers, grow to full size but uhen mature are 
filled ^^lth smut spores instead of pollen 

A similar process is said to occur when pistillate flowers of Knautta 
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arvensis and K sylvottca are infected with Usttlago scabiosae The nature 
of the morphogenetic stimulus which overcomes the arrested develop 
ment of male sex organs in female flowers is still unknown 

E Modification in Fruiting Structures 
Modification of the fruiting bodies of higher plants occurs quite 
commonly as a result of infection Such descriptive names as little peach 
bladder plum, phony peach, etc , have been applied to conditions of this 
type Hypertrophied fruits are commonly produced m certain species 
of the genus Pntnus as a result of infection by Taphrina prunt In this 
instance, the tissue of the diseased ovary is stimulated to growth, but 
not in the same way as in the normal fruit The resulting body is flat- 
tened on t\%o sides, is brittle, yellow in color, and much longer than the 
normal fruit The seed within is abortive and a hollow space is left in 
its place These hypertrophied growths, which are commonly called 
bladder plums, ’ fall from the trees at the end of May and are said to 
be eaten in certain areas A somewhat similar condition is found when 
Taphrma aurea infects the pistillate flowers of the poplar This fungus, 
like the one described above, stimulates the growth of the ovaries with 
the resulting development of golden yellow capsules that are more than 
twice the normal size The smut fungus Ustilago zene also stimulates 
growth of tlie tissue of tlie pistillate flowers of maize As a result, the 
grains are replaced by irregular cushion like structures with a diameter 
of up to 7 cm The resuUmg growths contain more auxin than do normal 
tissues Ustilago zcac, moreover, produces an auxin m culture (Moulton, 
1942) which was identified as indoleacctic acid by Wolf (1952) Thefnnt 
size ma> be greath dwarfed as in the case of two virus diseases, little 
peach and phon) peach, or the fruits may assume an as>mmetrical shape 
as Ls found clnractcnstically m the xyloporosis disease of oranges— which 
IS also of Mral origin 

Tlic seed capsules of Datura stramonium normally bear numerous 
conspiCTious spines ^cn plants of this species are mfcclcd witli the 
innT formation may be complotcl> inhibited (Kunkcl, 

1911) Tlic aster aellous aims, on the other hand, causes a bursting of 
Ca/o,»;.ora latcntm plants infected with 

^ ^ 1 1 r green m 

a lor ami Inr c Krn transformed, under tlie mnuenco of the s.rus, into 
short stuns which K.ir leases 

,m!r "t". •" «rl.nn d„t ,se conditions, bo .iltcrrd 
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growth pattern of the head of the club types of wheat to the elongated 
or ‘viilgare” type 

Individual floral parts or even entire organs may be replaced by new 
structures in certam diseases CIoDweps purpurea invades and destroys 
certam of the ovaries of rye and other grasses In place of the seeds, 
elongated dark purple sclerotia are produced These are composed of 
dense aggregates of fungus mycelium 

In sheep sorrel infected with Ustilago oxaltdts the seeds are replaced 
by the spores of the pathogen In this mstance, the spores are forcibly 
expelled from the seed capsule as if true seeds were present 

F Fasctatton 

A condition known as fasciation can be classified between that group 
of growth abnormalities described above (involvmg harmonious changes 
m growth pattern) and the amorphous changes to be considered later 
in this discussion Fasciation is a morphological term that has been used 
to describe a senes of abnormal growth phenomena resultmg from many 
different causes, any of which result at the morphological level m a Hat- 
tenmg of the mam axis of the plant Although this ribbon like expansion 
of the stem is often the most striking feature of this condition, all parts 
of the plant may be affected Fasciation often results in alterations in tlie 
arrangement of fohar and floral structures White (1948) pomts out that, 
when fasciation occurs, the early seedling growing stages are normal As 
the plant develops, however, the growmg pomt becomes broader, and 
the unregulated, distorted tissue growtli results in signiHcant increases in 
weight and volume of plant tissue The apical growmg region becomes 
linear and comb hke in some instances or develops numerous growing 
pomts, producmg a witches’-broom effect In still otlier instances, the 
growmg pomts may be coiled and resemble a ram’s horn or thej may be 
highly distorted into a grotesque tangle of coils Fasciafions are iiide- 
spread, both geographically and taxonomicall> Examples have been 
recorded m 102 families of vascular plants Fasciations found in certain 
plant species such as the common cockscomb, Cclosta crista fa, as well 
as the cristates in the cacti are highly prized by gardeners 

Fasciations have been classified on morphological grounds — based on 
such phjsical features as form, color, and anatomical structure Linear, 
bifurcated, muiti radiate, and ring or annular tj-pes haie been hsttd 
(do Vries, 1909-1910, Vliile, 194S) Tins condition Ins also liecn chssi* 
fied from a causal standpoint In tins t>’pe of classification tlie conditions 
and agencies necessar\’ to produce the character as well as tlic modif\* 
mg factors that affect its deieloprocnt are considered \Mnte (19 IS) has 
placed these csscntialh into fi\c categories (J) Lisciitions which bretKJ 
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growths were produced artificially by Brown and Gardner (1936) on 
bean plants with the use of higher concentrations of that substance. It is 
not unlikely that certain of the burls as well as the overgrowths tliat 
sometimes arise at graft unions result from a hormonal imbalance of 
this type. 


2 Galls 


Localized overgrowths in which the host cells are stimulated to exces- 
sive growth by pathogens are known as galls. In these instances, the 
continued growth of the host cells is dependent upon continued stimula- 
tion by the pathogen There are unusually large numbers of distinct 
overgrowths of diis type to be found in plants of which only a few 
representative examples have been selected for discussion. 

a. Insect Galls. Among the most interesting types of self-limiting 
growth abnormalities found in plants are those that result from the 
activity of certain of the gall-forming insects. The whole subject of insect 
galls as reviewed in detail by Kuster (1911), Ross and Hedicke (1927), 
and more recently by Felt (1940) suggests that many of these highly 
specialized overgrowths represent beautiful examples of dependent 
differentiation. 


Insect galls may result either from a mechanical or chemical stimulus. 
Stem swellings on roses caused by the closely placed spiral galleries of 
the rose stem girdler, Agrilus viridis, are believed to be an example of 
the former type. Chemical stmiulation, however, is probably far more 
mportant tlian mechanical irritation in the production of many insect 
ga s, a t oug 1 the chemical stimulus may in some instances be supple- 
mented by directive feeding of the insect. An examination of the litera- 
ure caves le unmistakable impression that highly specific morpho- 
g nelic stimuli, of chemical nature, and elaborated by insects, are cap- 
TTinnf and directing most precisely the develop- 
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of the plant from wliich it arises. Currant gaiJs of the oak, which are 
found on both flower stalks and leaves, have similar morphological 
structure at both points of origin. The same insect species may, more- 
over, produce the same gall type on diflferent species of plants. The saw- 
fly, Micronematus gallicola, produces bright red galls of similar mor- 
phology on four different species of willow. Findings such as those 
reported above suggest in the strongest possible manner that a large 
number of highly specific chemical substances are elaborated by insects 
and that these substances have specific morphogenetic effects on the cells 



Fic. 2. Four morphologically disUnct galls produced on leaves of the California 
w lute oak by four closely related species of insects. ( Drawings by R. J Mandleb.ium ) 


and tissues of a plant. However, only moderate success has tlms far been 
adiicvcd in establishing experimenlaHy llie truth of this view. Tliat a 
morphogenetic stimulus is elaborated by certain insects is suggested by 
the fact that tlie Norway spruce aphid, Adelges ahiclis, attadies itself 
firmly by its beak to the scale of a fir bud and can directly influence 
only a few cells of tlio young shoot. Ncvertliclcss, tliousands of cells on 
tliis slioot are affected and soon begin to assume on altered form and 
arc stimulated to growth, indicating Uial a diffusible stimulus is acthc. 
Plumb (1953) has, in fact, induced the formation of this gall by inject- 
ing a glycerol extract of the salivai>* glands of tlie insect into the b.iscs of 
spruce buds. Beijcrinck, as c.irly as 18SS, killed the eggs of a sawfly with 
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a hot needle immediately after they had been deposited in the host and 
found that the galls developed normally Beijerinck called the biologically 
active materials ‘growth enzymes,” and in 1897 applied this concept to 
the development of form in general Parr (1940) showed that the gall 
forming coccid, A^erolecamum variolosum, stimulates the host tissue 
to both hyperplastic and hypertrophic activity He demonstrated further 
that the effect of the salivary secretion of this homopteron continues to 
stimulate plant cells even after the insect itself is gone It was possible 
to reproduce galls similar to those produced by the insect by mjectmg 
glycerol extracts of the sahvary glands When the salivary extracts were 
heated to 60® C they did not produce galls, mdicatmg that a heat-labile, 
enzyme-hke substance was involved m gall formation 

Rossig ( 1904 ) mvestigated various organs of gall wasps and believed 
that he could trace the site of formation of the gall-formmg substances 
to the Malpighian vessels Similar findmgs were reported by Tnggerson 
(1914) for the cynipid which produces the oak-hedgehog gall Lewis 
and Walton (1947) reported some very interesting histological and cyto 
logical findings dealing with a biologically active substance believed to 
be mvolved m the growth and differentiation of cell development of tlie 
cone gall of witchhazel This gall is produced by the aphid species 
Hormaphts hamameUs Fitch In this mstance the stem mother mserts 
her stylets into and between the cells of an immature leaf and mjects 
very minute droplets of a substance secreted by glands opening into the 
stylar canal This stinging process is not to be confused with feeding and 
the stmg substance is quite different m its nature from substances found 
in tlie salivary secretions When about 150 stings have been made in a 
small circular area by the stem mother, tlie cells m this region at first 
become etiolated Almost immediately thereafter, cells receiving mjected 
stmg material dedifferentiate, undergo rapid mitotic divisions, and then 
rcdiffcrcntiate into gall cells rather than typical leaf cells 

Tlio mjected stmg material consists of a ground substance in whicli 
minute crystalloids are embedded These crystalloids show a reddish 
purple cast m such stams as gentian violet, Congo red, and acid fuchsm 
Tlie> are capable of passing readil> from cell to cell as well as of enter- 
ing cells when they are deposited by the insect m the mtracellular spaces 
Wlietlior the injection is inter or intracellular, the end result is the entry 
of the cr\stalloids into the nucleolus There they may fuse to form a 
large crystalloid uhich again breaks up into smaller ones as mitosis 
begins Durmg nuclear division, the aystalloids are distributed to the 
daughter nuclei where thc> are agam found in the nucleolus Since these 
bodies are incapable of self propagation and since they arc apparentl) 
used up diu-ing growlli of tlic cells, fresh stmg matenal must be mjected 
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repeatedly by the stem mother during the entire growth of tlie gall It 
would indeed be interesting to know the chemical nature of the “crystal- 
loids” since they possess some very unusual regulatory properties ® 

J P Martin (1942) mduced galls on three-month-old sugar cane 
plants by injecting extracts obtamed from macerated leaf hoppers of tlie 
species DractilacephaJa molUpes These findings again appear to impli- 
cate hormone-Iike substances m the initiation and development of insect 
galls Anders (1958) reported that he was able to reproduce the swell- 
ings associated with the Phylloxera disease by applying to grape plants 
secretions obtamed from the aphid responsible for this condition A 
similar type of swelling was obtained when certain ammo acids, used m 
the same proportions found m the msect secretions, were applied to 
grape roots 

The larva of the moth, Gnortmoschema gallaesolidaginis, induces an 
eliptical monothalmous gall on the stem of the Sohdago host The larva 
m this instance burrows mto the terminal bud of the plant and then 
down the stem to a point 2 cm below the growmg point, where it eats 
away the central tissues and induces the formation of a simple spindle 
shaped gall The gall stimulus, accordmg to Beck (1954), appears to be 
associated with a silky substance secreted by the feedmg larva Tins silky 
matenal mduces anatomical changes m normal stems similar to tliose 
found m the galls The stimulus is, however, short lived and uniform and 
contmued deposition of the silky substance over the surface of the larval 
chamber appears necessary for tlie formation of typical galls 

Boysen- Jensen (1952) studied, with the use of rather ingenious 
methods, the development of a midge (MtkioJa fagi) gall on beech 
leaves Evidently the formation of the gaJJ in tins instance is caused by 
growth substances given off by the larva These as yet uncharacterized 
substances produce cell enlargement and cell division but not organized 
growth It was, therefore, suggested that cell enlargement and cell divi- 
sion are regulated by the larva which moves rapidly about the gall 
chamber and secretes the growth-promotmg substances m defimte places, 
thereby makmg the gall assume its special form According to this 
interpretation, the growtli promoting substance does not have special 
organizmg properties but tlie shape of tlie gall is dependent upon the 
distribution of a rather nonspecific type of growth substance by tlie 
larva The growth substances are, in other words, tools winch are used 

* After this paper had been submitted to the editors a comprehensive account 
of the studies of Lewis and WaJtMj (1958) appeared In that investigation the 
diagnostic crystalloids were found to be Feulgen positive, and it vv’as concluded that 
the gall results from the activities of a v-irus On the basis of the evidence pre- 
stiited, this conclusion is in the opmion of the author, unwarranted 
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by the gall larva to model a gall from the cells of a beech leaf While 
such a mechanism as that proposed by Boysen Jensen may satisfactorily 
explam the formation of certain simple galls, it is difficult to see how 
it would explam the development of the more intricate structures the 
cells of which are highly differentiated 

The distmguishmg feature of insect galls m general, and the more 
highly developed cynipid galls in particular, is the determinate growth 
of these structures Bloch (1954) has suggested that an msect gall is 
almost comparable — m its determmate growth — to a leaf or a fruit 
These galls are constant in form and size and possess their own polarity 
and symmetry Although tlie cells of these galls dedifferentiate as a result 
of the mitial stimulus, they again redifferentiate mto an orderly rear 
rangement of cells and cell layers which possess a degree of differentia 
tion tliat IS never below that of the host A fascmatmg field lies open here 
for exploration at the morphogenetic and biochemical levels 

b Roof Nodules The root nodules found to arise on many species of 
legummous plants as a result of mfechon by bacteria of the genus 
Wnzobium are, like the insect galls, highly organized and speciahzed 
structures These nodules, unlike most of the overgrowths described here, 
are by and large highly beneficial to the host because of the role that 
they play in mtrogen fixation 

The typical root nodule is composed of four histologically well defined 
regions The outermost tissue, or nodular cortex consists of several layers 
of parenchymatous cells that originate from tlie nodular menstem found 
immediately below the cortex at the distal end of the nodule The 
meristem is conspicuous and is composed of small, compact, rapidly 
dividing cells The cortex and menstem are normally free of bacteria 
tissue of tlie nodule arises as a result of radial divisions 
and differentiation of cells— at the periphery of the inner infected cells 
the nodule cortex— at the tunc when the nodule is still menstematic 
Tlieso differentiate hter into a typical vascular bundle which consists of 
xylcm, phloem fibers sieve tubes, and companion cells enclosed in 
pirench>matous tissue and surrounded by an endodermis The vascular 
^ stem of the nodule is connected with Uiat of the host and is functional 
The central region of tlie nodule is composed of tavo types of parenchy- 
matous toUs, infected and noninfected, and is commonly known as the 
bacteroid zone 

Esscntnll). two tj-pcs of nodules Iiave been recognized on the basis 
of tbcir origin Tlio more common or c-togenous typo arises, escent for 
tile sasciilar linkages, fiom tlie cortical parenchyma of the root The 
second or endogenous t>i)o is found far less frequently and is composed 
of cells tliat arise from proliferation of tile pcricjclc 



GnO^VTH IS AFFECTED 


217 


The information presented above concerning structure clearly indi 
cates that tlie nodule is not a shapeless mass of cells but mstead repre 
sents a highly organized growth This information, in turn, permits a 
consideration of the possible mechanisms involved m the growth and 
development of the nodule 

The mfectmg bacteria commonly enter the host through root hairs, 
although in certain aquatic plant species that do not possess root hairs 
they may and commonly do enter through epidermal cells Prior to 
invasion of tlie host, the bacteria form a small colony close to the tip 
of the root hair Under these conditions the hair curls very character 
istically and assumes the form of a ‘shepherds crook ” As early as 1900 
Hiltner found that sterile filtered bacterial extracts, when applied to root 
hairs, produced a comparable type of deformation Similar results were 
reported by Thornton (1936) and Thornton and Nicol (1936) who 
showed that such filtrates stimulated the production, growth in length 
and characteristic deformation of the root hairs Later, Thornton (1947) 
found that pure jS mdoleacetic acid, when applied to root hairs, elicited 
a curhng similar to that found pnor to invasion by the bacteria Probably, 
therefore, the characteristic curlmg of the root hair is the result of the 
production of an auxin by the bacteria although this point has not yet 
been fully established Wilson (1940) pomts out, for example, that the 
characteristic curlmg of the hair is not easily explamed on the basis of a 
growth hormone present in the sterile culture filtrate He states that one 
would not expect to find differential growth rates under such experi 
mental conditions smce the concentration of the hormone should be the 
same on all sides of the roots 

After the bacteria enter a hair, they align themselves into hyphalike 
zoogloeal infection thread The thread penetrates to the base of the hair 
and then into and directly through the subjacent cortical cells uhere it 
branches As the zoogloeal strands migrate through the cortical cells, 
they become encased m a sheath composed of cellulose hke material, 
which on the basis of cytochemical studies is said to be composed of the 
same material as is the wall of the host cell This has led to the sugges 
tion (McCoy, 1932) that the sheath is deposited by the host cells rather 
than by the zoogloeal strand and that it serves as a defense mechanism 
agamst the invading bacteria Of particular mterest to the present discus 
Sion IS the fact that proliferation of the root cells and subsequent devel 
opment of the nodule do not occur until the bacteria are released from 
the infection thread Release may be achieved essentially in the follow 
mg ways (Allen and Allen, 1954) The bacteria may be discharged from 
the tip of the thread as the thread migrates They may be released 
as a result of the rupture of unsheathed globular protuberances that are 
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commonly found to be present in infection threads or they may he 
liberated following stresses accompanying cell enlargement and cell 
division Wipf and Cooper (1940) have suggested, on the basis of cyto 
logical studies, that invasion of the disomatic cells by the bacteria is 
essential for the release of the bacteria from the infection tliread as well 


as for cellular growth terminating in nodule formation 

Once the free bacteria reach the cytoplasm, they tend to migrate to 
the peripheral regions of the cell and begin to multiply Tlie host cells 
contammg the organisms, as well as the adjacent uninfected cells, undergo 
rapid division and subsequent enlargement Infected cells may increase 
eightfold in size Since neighboring uninfected cells are also stimulated to 
grow, it has been suggested by McCoy (1929) that tlie bacteria elaborate 
a diffusible substance which stimulates cell enlargement and cell division 
Ultimately, many of the cells in the heart of the nodule become filled 


with bacteria and the rods found m nodules of certain, but not all, plant 
species become highly pleomorphic It is in this so-called bacteroid zone 
of the nodule that symbiotic nitrogen fixation tahes place Tins zone also 
contains four highly interesting pigments, one of which, leghcmoglobin, 
IS closely related chemically to blood hemoglobin The question of the 
occurrence of the pigments in nodules and their possible role in nitrogen 
fixation has been reviewed m detail by Allen and Allen (1950, 1934) 
Attempts have been made throughout the years to explain in physio 
logical terms the mechanism involved in the development of the nodule 
As early as 1912 Molhard reported that he had produced tuberizations 
on roots of pea plants by treating the roots with cell free filtrates upon 
which the rhizobia had grown It was concluded from these experiments 
a e acteria elaborated some biologically active, growth-promoting 
substance which brought about changes m the root similar to those found 
f j ^ ection Thimann ( 1936, 1939 ) examined this question 

further and postulated the following series of events after the Lotena 

the hrTr Tl metabolism within 

o her S hf ' ^ amount of auxm and certain 
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the potential lateral root is prevented from elongatmg InLad the cells 

“oTbv Uninfected cells are stimulated to divi- 

‘ " d ‘he uifected cells In this way, Thimann 

considers a shapeless mass of parenchymatous tissue is produced which 
IS essentially a lateral root prevented from elongating" 

Many investigators do not believe, however, that a nodule is simply 
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a modified lateral root Fred et al (1932) have discussed the evidence 
for and against this concept in detail and conclude that the nodule is not 
a modified lateral root “for it has no central cylinder, root cap, or epi 
dermis Furthermore, it does not digest its way out from the cortex of 
the mam root but remains covered ^\ ith a considerable layer of cortical 
parenchyma ” 

Nevertheless, growing nodules are active auxin producing centers 
and tliat substance plays an important role m the growtii of the nodule 
(Link and Eggers, 1940) Thiraann (1936, 1939) has shown, moreover, 
that auxin production in the nodule roughly parallels the growth of the 
nodule 

Chen (1938), Georgi and Begum (1939), Link (1937), Rasnizina 
(1938), and Thimann (1939) have demonstrated that m vitro the root- 
nodule bacteria produce considerable quantities of auxin from trjpto 
phan, yeast extract, and peptones present m an otherwise suitable culture 
medium Hunt (1951) found, moreover, that free tryptophan was present 
in the nodules An evaluation of these findings is complicated, however, 
by the observation made by Chen (1938) and Georgi and Begum (1939) 
These workers found that both effective and ineffective strams of rhizobia 
produced auxin from tryptophan and in some instances the meffective 
strams appeared to be more efficient growth substance producers than 
were the effective strains 

While it has been possible to produce overgrowths on the roots of 
certain leguminous plants by applymg growth substances of the auxin 
type, It nevertheless is true that histologically and anatomically tliese 
artificially induced growths do not bear the slightest resemblance to 
nodules produced under the stimulus of the bacteria Allen and Allen 
(1954) point out that the nodule is not a shapeless mass of cells but is 
a well organized structure Thus, while tliere appears to be no conflict 
on the question of the increased growth substance content of the nodule, 
a suitable explanation regarding the role that such a substance plays in 
directing the organization of the nodule is not yet at hand 

c Root Knot Root knot, which is caused by species of nematodes 
belongmg to the genus Melotdogijne, is a destructive disease in many 
cultivated and wild plants Tlie overgrowths produced on the roots may 
appear as small scattered tubercles or as extensive swellings which may 
reach diameters up to 2 in and involve almost the entire root system 
Severely infected roots have a rough clubbed appearance not unhke that 
encountered in the club root disease of the crucifers Tlie mature female 
nematode is embedded in the plant tissue while the eggs are commonly 
found to be clinging to the sides of the roots When the eggs hatch the 
)Oung larvae may again penetrate young roots ;ust below the growing 



218 


AHMIV C BRAUN 


commonly found to be present m infection threads or they may be 
liberated following sticsses accompanying cell enlargement and cell 
division Wipf and Cooper (1940) have suggested, on the basis of cyto 
logical studies, that invasion of the disomalic cells by the bacteria is 
essential for the release of the bacteria from the infection thread as well 


as for cellular growth terminating m nodule formation 

Once tile free bacteria reach the cytoplasm, they tend to migrate to 
the peripheral regions of the cell and begin to multiply The host cells 
contammg the organisms, as well as the adjacent uninfected cells, undergo 
rapid division and subsequent enlargement Infected cells may increase 
eightfold m size Smee neighboring uninfected cells are also stimulated to 
grow, it has been suggested by McCoy (1929) that the bacteria elaborate 
a diffusible substance which stimulates cell enlargement and cell division 
Ultimately, many of the cells in the heart of the nodule become filled 


with bacteria and the rods found in nodules of certain, but not all, plant 
species become highly pleomorphic It is m tins so called bacteroid zone 
of the nodule that symbiotic nitrogen fixation takes place This zone also 
contams four highly interesting pigments, one of which, leghemoglobin, 
IS closely related chemically to blood hemoglobin Tlie question of the 
occurrence of the pigments in nodules and their possible role in nitrogen 
fixation has been reviewed m detail by Allen and Allen (1950, 1954) 
Attempts have been made throughout the years to explain m physio 
logical terms the mechanism involved m the development of tlie nodule 
As early as 1912 Molliard reported that he had produced tubenzations 
on roots of pea plants by treating the roots with cell-free filtrates upon 
which the rhizobia had grown It was concluded from these experiments 
a e acteria elaborated some biologically active, growth-promoting 
SIX stance which brought about changes in the root similar to those found 
durmg actual infection Thimann (1936 1939) examined this question 
further and postulated the follow.ng senes of events after the Lctena 
had penetrated the root During the course of their metabolism within 
1 L’ ™ount of auxin and certain 

It n n nd “Tn ™ enlargement of the cells in which 

erm Ih 'i'ff''«ble, enters the pencycle and stimulates 

fnthl Sivmg rise to the early stages of a lateral root 
he It f euxin production by the bacteria, 

d clongatmg Instead, the cells 

ncrease isod.ametacally in size Uninfected cells are stimulated to div. 
sion by auxin diffusing from the infected cells In this way, Thimann 
considers a shapeless mass of parenchymatous tissue is produced which 
IS essentially a lateral root prevented from elongating ’ 

Many investigators do not believe, however, that a nodule is simply 
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a modified lateral root. Fred et al (1932) have discussed the evidence 
for and against this concept in detail and conclude that the nodule is not 
a modified lateral root “for it has no central cylinder, root cap, or epi- 
dermis. Furthermore, it does not digest its way out from fJie cortex of 
the main root but remains covered with a considerable layer of cortical 
parenchyma.” 

Nevertheless, grooving nodules are active auxin-producing centers 
and that substance plays an important role in the growth of the nodule 
(Link and Eggers, 1940). Thimann (1936, 1939) has shown, moreover, 
that auxin production in the nodule roughly parallels the growth of the 
nodule. 

Chen (1938), Georgi and Beguin (1939), Link (1937), Rasnizina 
(1938), and Thimann (1939) have demonstrated that m vitro the root- 
nodule bacteria produce considerable quantities of auxin from trypto- 
phan, yeast extract, and peptones present in an otherwise suitable culture 
medium. Hunt (1951) found, moreover, that free tryptophan was present 
in the nodules. An evaluation of these findings is complicated, however, 
by tlie observation made by Chen (1938) and Georgi and Beguin (1939). 
These workers found that both effective and ineffective strains of rhizobia 
produced auxin from tryptophan and in some instances the ineffective 
strains appeared to be more efficient growth-substance producers than 
were the effective strains. 

\VIiile it has been possible to produce overgrowtlis on the roots of 
certain leguminous plants by applying growth substances of the auxin 
type, it nevertheless is true that histologically and anatomically these 
artificially induced growths do not bear the slightest resemblance to 
nodules produced under the stimulus of the bacteria. Allen and Allen 
(1954) point out that the nodule is not a shapeless mass of cells but is 
a well organized structure. Tlius, while there appears to be no conflict 
on the question of the increased growth-substance content of tlic nodule, 
a suitable explanation regarding the role that such a substance plays in 
directing the organization of the nodule is not yet at hand 

c. Root Knot. Root knot, which is caused Iiy species of nematodes 
belonging to the genus MeJoulo^yiic, is a destnictive disease in manv 
cultivated and wild plants. Tlie overgrowths pro<luced on the rrxjts m.i> 
appear as small scattered tubercles or as cxtensix’c swellings which may 
reach diameters up to 2 in. and involi'c almost the entire root sjstem 
Severely infected roots have a rough, clublied appearance not unlike that 
encountered in tlie club root disease of (he cnicifers Tlie in.iture fem.sle 
nematode is embedded in t!ic plant tissue while the egiis are coinmonb 
found to l)c clinging to the sides of (he roots. \\7u*n the eggs hatch, the 
\oung l.irvao may again penetrate >nung roots just l>clow the grouinc 



ARMIN C. BRAUN 




point. Once embedded in the tissue, the larva begins to feed and almost 
at once stimulates the growth of the host cells which leads to the devel- 
opment of the typical knot The gall, in this instance, is composed of rela- 
tively few, greatly hypertrophied cells together with cells showing hyper- 
plasia. Often, 6 to 20 nuclei are present in the enlarged cells although 
Nemec (1910) has reported more than 500 in a single cell of Vitis gon- 
gijlodes. Tlie multinucleate giant cells appear early in gall development. 
They are rich in storage materials and serve to nourish the larvae in much 
the same manner as do the “nutritive cell” layers found in certain insect 
galls. It would appear likely that at least two distinct stimuli, one of 
which is concerned with cell enlargement and which involves only a few 
cells and the other with cell division, arc involved in the development of 
this type of overgrowth. 

Dropkin (1954) has recently shown a high positive correlation to 
exist between gall area and numbers of larvae in a gall. He therefore 
concluded that the response of tlie root to the presence of the nematode 
is a local one and that the size of the gall ultimately produced is a 
function of the amount of stimulation provided by each larva present 
in the overgrowth. Here, then, is another example of a self-limiting 
growth, the development of which is dependent upon continued stimula- 
tion by the pathogen. 


d.Cluhroot. The typical overgrowth produced on the roots of cab- 
bage by Plasmodiophora brassicae is spindle-shaped, thick in the middle, 
and tapering gradually toward the ends. Such a club is a morphological 
unit and is commonly the result of a single primary infection. Sometimes, 
owever, the swellings resulting from two or more primary infections 
use to fom a compound club which is more irregular in outline than 
those resulting from a single primary infection. Cunningham (1914) has 
recognized different types of hypertrophy in different species of sus- 
ceptible hosts. In cabbage, a complete clubbing of the main roots and of 
the lateral roots may occur, while in Sisymbrium altissimum the lateral 
roots are common y free of distortion. In Sisymbrium officinale and 
Erysimum cheiranthoides, on the other hand, clubs develop on the lateral 
roots but not on the main root. Both lateral roots and the main root are 
affected m Lepidium satioum. In this instance, however, club-free root- 
lets are found above tlie diseased portions. In the radish, Raphanus 
satwus, clubs occur .is tumors on the root. 

As a result of the overgrowths, infected roots fail to absorb nutrients 
from the soil .ind -tre often unable to transport food and water taken 
up by healthy roots. This functional failure of the roots results in the 
starvation and, ultimately, severe stunting of affected plants. Heavily 
infected seedlings ,ire usually killed before they reach maturity. 
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Tlie spread of the disease-producing agent from points of primary 
infection is accomplished in cabbage through a direct penetration of the 
host tissue by the infecting plasmodia, which then grows and divides 
repeatedly. According to Kunkcl (1918), infection by penetration may 
be divided into four parts. (1) primaiy' infection of the cortical tissue 
and penetration to the cambium, (2) infection of the cambium in all 
directions from the point of original penetration, (3) passage of the 
plasmodia out of the cambium into the cortex and m from the cambium 
toward the \ylem region, and (4) infection of the medullary rays 

As tlie plasmodia pass through the tissues, some of them become 
established within cells, while others continue to penetrate into the 
deeper regions Although no noticeable effect is obser\ed m a cell if 
infection is temporary, stimulation leading to abnormal cellular growth 
and division results if the infection of a cell is permanent The period of 
infection continues up to the bme tliat the host plant stops growing or 
dies The infected cells of a club are distributed in small groups through- 
out the diseased tissue and do not lie adjacent to each other The stim- 
ulus resulting m abnormal cellular growth appears to travel in advance 
of the mfection This can be clearly seen when infection is established 
in the medullary rays The ray cells — in the proximity of diseased cells 
—increase considerably in size Tins increase in size as well as m num- 
ber of cells tends to split the central cylinder of an infected root The 
mass of parasitic protoplasm in a given volume of diseased tissue is, 
according to Kunkel (1918), remarkably constant in different clubs This 
indicates that the amount of cell growth in this disease, as m the case 
of root knot, is dependent upon (he mass of parasitic protoplasm in the 
diseased tissue Clubroot can be considered to be a malignant disease in 
the sense that this malady may and frequently does kill plants that are 
affected by it However, there is no evidence that the affected cells them 
selves have become permanently altered or that such cells are capable 
of continued abnormal growth in the absence of the pathogen 

At this point m the discussion we have reached the borderline 
between the self limiting growths and the true or non self-hmiting 
tumors 


B Non-Self Limiting Tumors 

Tumors of a non self limiting and transplantable type may develop m 
many plant species just as they do m many kmds of animals In diseases 
of this type the new growth or tumor is composed of altered, randomly 
proliferatmg cells that reproduce true to type and agamst the growth of 
which there is no control mechanism in the host The diseased cells 
acquire autonomy which permits them to direct their own activities 
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largely irrespective of the laws that govern very precisely the growth 
of all normal cells in a higher plant or animal The nature of this 
acquired autonomy is fundamental and constitutes the ultimate basis of 
the tumor problem 

Smee the tumor problem is basically a cellular problem and since 
the fundamental similarity of cells and cellular processes in plants and 
animals is commonly recognized, certain plant tumors have for many 
years provided interesting and unique evperimental material for studying 
the metabolic processes that underlie the tumorous state Certam of tlie 
early workers, particularly C O Jensen, who is generally considered to 
be the father of modem experimental cancer research, and Erwin F 
Smith, studied on a comparative basis the crown gall disease of plants 
and malignant animal tumors and they found that these two types of 
growth have much in common In comparing plant and animal tumors it 
must be remembered, however, that there are certain developmental and 
functional characteristics commonly used m the differentiation of animal 
tumors that are more or less restricted to animals and cannot, therefore 
be carried over and applied to plant tumors These have been dealt with 
m detail by White and Braun (1942), and Black (1949) and will not 
be considered further here The most essential characteristic of being 
able to grow independently of any morphogenetic restraint, upon which 
all other diagnostic features must ultimately depend, is, however, equally 
capable of expression in neoplasia of all higher organisms since it is a 
characteristic property of the cell itself 

While it IS generally true that the more malignant a tumor cell is 
t e greater is its capacity for growth, it is equally true that a tumor cell 
IS not characterized primarily by its rate of growtli Certain normal cell 
may grow and divide at far faster rates than do most tumor cells 
Regenerating liver cells for example, grow much more rapidly tlian do 
hepatoma cells present m that organ Similarly, the menstematic cells at 
the apex of a rapidly developing root or shoot grow and divide at con 
siderably faster rates than do plant tumor cells Thus, it is not rapid 
growth but autonomous growtli that characterizes the tumor cell 

Autonomy of neoplastic g^o^vth is not. however, a fixed and unvary- 
ing character but it has many gradations At the one extreme are found 
the slow growing benign tumors that remain localized in the host At 
cx^eme are the most malignant cancers that grow rapidly, 
uihltrate neighboring tissues, metastasize, and kill Theoretically, auton- 
omy of tumor cells requires within them something newly activated and 
distmctuc, something that urges such cells to continued abnormal and 
unregulated grouth One of the difficulties encountered in attempting 
to define the nature of autonomous growth has resulted from the fact that 
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some of the most diverse agencies known to biologists are capable of 
accomplishing this condition Sucli factors as radiant energy, irritation, 
carcinogenic chemicals, microorganisms, and viruses have all been shown 
to be more or less effective tumor producers in certain animals and 
plants The effectiveness of these agencies in eliciting tumor formation 
appears to be determined in large part by the hereditary constitution 
of the host These agencies, with the exception of certain of the viruses, 
are concerned only with the inception of the tumors and play no role 
in the continued unregulated growth of a tumor cell It is therefore 
necessary to distinguish between the proximate cause or causes con 
cemed in tumor initiation and the continuing cause or causes respon- 
sible for tumor development 

Tliree non-sclf-bmiting diseases of plants, each of which has a 
different and quite distinct mitiating cause, liave been studied fairly 
extensively These are (Z) the crown gall disease in which an as yet 
uncliaractenzed tumor inducing principle elaborated by a specific bac 
tenum regularly converts normal plant cells to tumor cells, (2) Black’s 
wound tumor disease which is of known viral etiology, and (3) 
KostoflT s tumors which have a gcnetical basis and which commonly arise 
as a result of such a nonspecific stimulus as irritation m certain inter- 
specific h>brids within the genus Ntcohana These are pictured m Fig 3 
There are other true tumorous diseases of plants that have not as yet 
been extensively studied Most interesting among these is White’s spruce 
tumor (White and Millington, 1954a, b, Reinert and White, 1956), the 
etiology of which has not as yet been established 

Although the crown gall, wound tumor, and the genetic tumors have 
quite different and distmct initiating causes, there is every indication 
that the ultimate continuing cause is similar at a physiological level m 
the three types of growth 

The development of an acceptable concept designed to explain the 
continued abnormal growth of a tumor cell in the absence of any 
recognizable infective agent (except m the case of the virus induced 
tumors) represents a very real challenge to students of abnormal growth 
Such a concept must not only explain the underlying basis for autono 
mous growth but it must also account for the morphological, histological, 
and cytological peculiarities that characterize the tumorous state 

Plant tumors may assume a variety of growth patterns These range 
from slo^vly growing benign to rapidly growing malignant, and from 
completely unorganized to highly organized teratomatous growths All 
may be produced m certain test systems under precisely defined experi 
mental conditions and all have their counterparts m animal pathology 
These are problems of growth and in order to understand them it is 
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necessary to understand something of the processes involved m normal 
growth and development 

Growth m all animals and plants results either from cell enlargement 
or from the combined processes of cell dwision and cell enlargement 
Tliese two fundamental growth processes appear to be dependent for 
their development, in plant cells at least, upon specific substances that 
may be synthesized by, but are precisely regulated m, all normal plant 
cells By varying the ratio of a factor limiting for cell enlargement and 
one limitmg for cell division it is possible to obtain, widi the use of 
certain normal cell types as a test object, either (1) a high degree of 
organization involving the production of numerous shoots, (2) a com 
pletely unorganized callus composed of hypertrophied and hyperplastic 
cells, or (3) the extensive formation of roots (Skoog and Miller, 1957) 
The effect of certain limiting factors on the groivth of plant cells and on 
the development of plant organs is clearly evident from studies of this 
type It is from this point of view that the three non self limitmg neo 
plastic diseases of plants listed above will be discussed 

1 Crown Gall 

The crown gall disease has been studied over the years more inten 
sively than have other plant neoplasms It has served as the experimental 
model in the field of plant oncology Crown gall, which is mifaated by a 
specific bacterium, affects plants belonging to at least 142 genera present 
m 61 widely separated botanical families No monocot, however, shows 
uneqmvocal response to mfection 77ie bacterium causing this disease 
possesses the ability to transform normal plant cells to tumor cells in 
short periods of time Once the cellular alteration has been completed, 
the continued abnormal growth of the tumor cell becomes entirely inde- 
pendent of the causal bacteria The cells of such a tumor continue to 
grow autonomously at the expense of the host and under favorable 
conditions the resulting growths may reach enormous size Crown gall 
tumors weighing up to 100 lb have been described in the literature 
In certain hosts such as sunflower and Pans daisy there are produced, m 
addition to primary tumors, secondary tumors that develop at points 
distant from the seat of the primary inoculation The secondary tumors 
are of interest because they are commonly free of the bactena that 
initiate the primary groNvth (Braun, 1941, Smith et al , 1912) Tins find- 
ing permitted the unequivocal demonstration of the truly independent 
nature of the crown gall tumor cell (Braun and White, 1943, White and 
Braun, 1942) Tumor cells isolated from such sterile tumors and planted 
on a suitable culture medium gre\% profuselj 2 nd mdefiniteb on that 
medium While the stenle sunflower tumor tissues increased in theo- 
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retical volume one hundred million million times in the course of one 
year on that medium, normal cells of the type from which the tumor cells 
were derived increased in volume only about two hundred and fifty 
times This mdicates, of course, that a profound change m the metabolism 
of the affected cells had resulted Small fragments of sterile tumor tissue 
when implanted into a healthy host developed again into typical crosvn 
gall tumors that were similar m every respect to those originally initiated 
by the bacteria except that the new growths were free of the inciting 
organisms Normal tissue implants, on the other hand, fused with the 
host and soon fell into the growth pattern of the host without ever 
forming tumorous overgrowths Subsequent studies demonstrated that 
sterile tissue isolated from primary tumors of many different plant 
species showed the same type of growth autonomy in the host and in 
culture as did those isolated from the secondary growths (de Ropp, 
1947b, Hildebrandt and Riker, 1947, 1949, Morel, 1948, White, 1945) 
The commonly found type of crown gall tumor is characterized both 
in the host and in culture (see Fig 4, A) by the mostly undifferentiated 
and completely unorganized growth of its cells In certain plant species, 
the cells of which possess highly developed regenerative capacities, there 
may however be produced, in place of the cliaractenstic crown gall 
tumor, a complex overgrowth or teratoma which is composed in large 
part of highly abnormal leaves and buds that show varying degrees of 
morphological development Sterile tissues isolated from such organized 
but abnormal structures grow profusely in culture, as do typical crown 
gall tumor cells, on a medium that does not support the continued growth 
of normal callus tissue, as shown in Fig 4, B and C Teratoma-derived 
cells differ from the commonly found crown gall tumor cells, however, in 
that they retain indefinitely, in culture, a highly developed capacity for 
organization The surfaces of such cultures are covered with small, organ 
ized structures many of which appear morphologically to be leaves 
Histologically, however, these structures are not usually made up of 
me well differentiated cell types of whidi leaves are normally composed 
An attempt has been made to analyze more precisely the conditions 
which determine tumor morphology m crown gall (Braun, 1953) Of 
importance were (1) the strain of the bacteria used to transform normal 
cells to tumor cells, (2) the relative position that the altered cells occupy 
in a host, and (3) the inherent competence for regeneration possessed 
by the affected cells It was also concluded from this study that the 
tumor-mduemg principle elaliorated by highly virulent strains of the 
bacteria completely oveiA\ helms the cellular factors concerned with dif- 
ferentiation and organization of plunpotent plant cells, while the prin- 
ciple associated ^\lth a moderately \irulent strain is incapable of com- 
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pletely suppressing those Hctors In the latter instance the pluripotent 
teratoma cells retain despite their conversion to tumor cells highly 
developed regenerative capacities The teratoma tissue is of particular 
interest because of its usefulness in studying the problem of recovery of 
crown gall tumor cells (Braun 1951a) 




Fic 4 ( A ) Cro%ra gaU tumor tissue of the unorganized type planted on White s 

basic medium (B) Cro,™ gaU teratoma t ssue This tissue retains indefnitely a 
capacity to organize highly abnormal leaves and shoots (C) Normal tissue of t 
type from avhich the tumor tissues were demed The noimal tissi e does not gt 
continuously on this culture medium (Photographs by J A Carlile ) 


It IS now generally belies ed that all Imng nnelealed cells of a phn 
-except perhaps those that are heavtl, hgnified-can be transformed 
to crouai gall tumor cells Expermiental stud.es hate slim™ hone cr 
that such cells must be cond.honed or rendered susceptible to trms 
formation as a result of the stimulus accompammg a uotind It is ™h 
during a limited period m the normal around healing cjele that normal 
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retical volume one hundred million million times m the course of one 
year on that medium, normal cells of the type from which the tumor cells 
were derived increased m volume only about two hundred and fifty 
times This mdicates, of course, that a profound change in the metabolism 
of the affected cells had resulted Small fragments of sterile tumor tissue 
when implanted into a healthy host developed again into typical crown 
gall tumors that were similar in every respect to those originally initiated 
by the bacteria except that the new growths were free of the inciting 
organisms Normal tissue implants, on the other hand, fused with the 
host and soon fell into the growth pattern of the host without ever 
forming tumorous overgrowths Subsequent studies demonstrated that 
sterile tissue isolated from primary tumors of many diflferent plant 
species showed the same type of growth autonomy in the host and in 
culture as did those isolated from the secondary growths (de Ropp, 
1947b, Hildebrandt and Riker. 1947, 1949, Morel, 1948, Winte, 1945) 
The commonly found type of crown gall tumor is characterized both 
m the host and in culture (see Fig 4, A) by the mostly undifferentiated 
and completely unorganized growth of its cells In certain plant species, 
the colls of which possess highly developed regenerative capacities, there 
may however be produced, in place of the characteristic crown gall 
tumor, a complex overgrowth or teratoma which is composed in large 
part of highly abnormal leaves and buds that show varying degrees of 
morphological development Sterile tissues isolated from such organized 
hut abnormal structures grow profusely m culture, as do typical crown 
gall tumor cells on a medium that does not support the continued growth 
of normal callus tissue, as showai m Fig 4 , B and C Teratoma derived 
cells differ from the commonl> found crowm gall tumor cells, however, m 
th It thev retain indefinitely, in culture, a highly developed capacit) for 
organ:z.Uion The surfaces of such cultures arc covered with small, orgm 
IT winch appear morphologically to bo leaves 

llislologicallv, however, these slnicturcs arc not iisuallv made up of 
le we t lUorcntiatcd cell tvpes of v\hich leaves are normally composed 
\n attempt his l>ccn made to anal>'7c more prcciselv the conditions 
wJneh determine tumor morpholog> m crowm gall (Braun. 1953) Of 
iinport.UK'c were (1) the strain of the bacteria used to transform normal 
exlls to tumor cells (2) the relative position th it the altered cells occiipv 
in a host, and (3) tlie inherent competence for regeneration possessed 
hv the .iffieletl evils It was also conclmUd from tins stiulv that the 
tumor milucmg principle thlmrated In IdghK Mnilcnl strains of the 
hictirn txnnphttlv OMiashtlms the ctihihr factors concerned with dif- 
fercntnlion ami orgmiAition of phmimtenl pl^nt evils, while tlie prm 
ciph assm-fitixl with a moderatelv vanilent slrim is fncapihlc of com 
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pletely suppressing those factors In tlie litter instance the pluripotent 
teratoma cells retain, despite their conversion to tumor cells highly 
developed regenerative capacities The teratoma tissue is of particular 
interest because of its usefulness m studying the problem of recovery of 
crown gall tumor cells (Braun 1951a) 




Fic 4 (A) Crmvi. gall tumor tissue of the unorganmed type planted on White s 

basic medium (B) Crown gall teratoma tissue t.ssie retains indeBnitoly a 

capacity to organize highly abnormal leaves and ^ts (C) Nornial tissue of tl 
ty^e frL which the tnmor tissues wem derned The normal tissue does no. grow 
continuously on this culture medium (rhotographs by J A Carhie ) 


It IS now generally believed tliat til living nucleited cells of a phn 
-except perlnps those that are heavily lign.fled-can be transfo^ed 
to crov™ gall tumor cells Experimental studies have shovva, I.ov ever 
that such cells must be conditioned or rendered susceptible to trans 
formation as a result of the stimulus accompanyang a wound 
during a limited period m the normal wound healing cycle that normal 
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plant cells can be converted to tumor cells (Braun, 1952) Following 
wounding, the host cells gradually become susceptible, reaching a max- 
imum ^mlnerablhty between the second and third days after a wound 
IS made Thereafter, the cells again become progressively more resistant 
as would healing progresses toward completion When a wound is made, 
the cells in tlie region of the wound are activated and some two to three 
days later they begin to divide to heal the wound Under normal circum- 
stances, upon repair of the wound, the cells which participated in the 
wound response return again to a quiescent state In the case of crown 
gall this return to normalcy is blocked Some as yet undefined morpho 
genetic restraint is no longer applied to, or if applied is no longer effec- 
tive upon, the tumor cells of the regenerating tissues As a result, the 
altered cells continue their proliferation m an unregulated and autono 
mous manner This unregulated growth results m disorganization of the 
tissue, m hypertrophy and hyperplasia of the cells, as well as in cytolog- 
ical abnormalities frequently found associated with the tumorous state 
in cro\vn gall It is clear, therefore, that the cells proliferating m the 
tumor are no longer callus cells for they no longer behave as callus cells 
o They represent new cell types that have acquired, as a result of 
bacterial action, new properties the most important of which is the 
capacity for continued unregulated growth in the absence of any recog- 
nizable infective agent 

Any attempt to .account in physiological and biochemical terms for 
1 C a normal behavior of a tumor cell must, if it is to receive serious 
TOnsi eration, also account for the morphological, histological, and c>to 
ogical peculiarities that characterize the tumorous state Such a concept 
las c\e oped and the evidence upon which it is based is outlined 


Sinre tumor cells generallj appear somehow to base acquired a 
capacm lor autonomous growth as a result of unregulated growtii and 
f'»i aulonomj has been explored by me.ans of an 

~ 11^ r ‘Actors concerned spccificallj walh growth accompanied 
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growth substances of the auxin type such as naphthalene acetic acid, the 
pith cells enlarge greatly in size but they do not divide It is only when 
a second growth factor such as 6 furfurylammopunne — or tlie naturally 
occurring equivalent of that substance — is supplied to the pith paren> 
chymal cells in addition to an auxin, that a profuse growth accompanied 
by cell division results The 6 furfurylammopunne without an auxin is 
ineEective in encouraging either an enlargement or a division of the 
pith cells These Endings demonstrate that two growth substances, one of 
which is concerned with cell enlargement and the other with cell divi 
Sion, act synergistically to promote growth and cell division m tobacco 
pith parenchymal cells Normal tobacco pith cells do not and cannot 
themselves synthesize these two growth substances for, if they did, they 
would respond m the characteristic manner indicated above Since the 
cellular systems responsible for the synthesis of these two growth sub 
stances appear to be solidly blocked in normal tobacco pith cells, a study 
was undertaken to learn how such cells would respond when trans 
formed to crown gall tumor cells The results of these studies, which are 
reported in detail elsewhere (Braun, 1956), demonstrated that when 
healing pith cells are converted to cro^vn gall tumor cells, typical crown 
gall tumors develop This simple expenment demonstrates that, although 
normal tobacco pith cells are not and cannot synthesize physiologically 
effective concentrations of either a cell enlargement or a cell division 
factor prior to their conversion to tumor cells, both substances are syn 
thesized in greater than regulatory amounts following alteration If this 
were not true, contmued growth accompanied by cell division and, 
hence, tumor formation would not have resulted in the test system used 
in these experiments It is clear, therefore, that an essential difference 
between a normal tobacco pith cell and a crown gall tumor cell appears 
to be concerned at a physiological level with tlie permanent activation 
of two growth substances synthesizing systems the products of which 
are specifically concerned with growth accompanied by cell division 
The continued production in greater than regulatory amounts of the cell 
enlargement and cell division factors by the tumor cell could account 
for the contmued abnormal proliferation of such a cell Subsequent 
studies have sho\vn (Braun, 1957a b), however, that additional metabolic 
systems are permanently activated dunng the transition from a normal 
cell to a fully altered, rapidly growing type of cro\vn gall tumor cell It 
has been found that alteration of normal cells to tumor cells is a gradual 
but progressive process (Braun, 1943, 1951b) men, for example, the 
tumor-inducing prmciple responsible for inception of the crowm gall 
tumor IS allowed to act on plant cells for only 34-36 hours before being 
inactivated by thermal treatment, small, ver> sloulj growing benign 
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growth are elicited m a host A 50 hour c'jposure of cells to the action 
of that principle results in tumors that grow at a moderately fast rate 
If the tumor inducing principle is allowed to act for 72-96 hours before 
being destroyed by heat, rapidly growing (potentially malignant) tumors 
result It IS also possible to obtain tumors showing varying degrees of 
neoplastic change by allowing the tumor-inducmg principle associated 
with slightly virulent or moderately virulent strains of the crown gall 
bacteria to act on host cells throughout a 4- or 5 day period Sterile 
tissue isolated from the three types of tumors described above and 
planted on White’s basic culture medium retain indefinitely their char- 
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acteristic growth patterns This is illustrated m Fig 5 Since these three 
types of tumors are derived from the same plant species, they are admir 
ably suited for a study of the factors required for rapid autonomous 
growtli In these studies, the results of which are summarized in Fig 5, 
the rapidly growing fully altered tumor cell was used as the standard 
This cell type can synthesize m optimal or near optimal amounts all of 
the growth factors needed for its continued rapid abnormal growth from 
mineral salts and sucrose present m White’s basic culture medium The 
moderately fast growing tumor cell required that the basic medium be 
supplemented with glutamine, meso inositol, and a cell enlargement 
factor (naphthalene acetic acid) to achieve a growth rate comparable 
to that of the fully altered rapidly growing type of tumor cell The very 
slowly growing benign tumor cells altered m a 34 hour period required, 
in addition to the three compounds described above, asparagine as well 
as cytidylic and guanvlic acids to achieve full growth It is clear from 
experiments of this type that, as the crown gall tumor cell becomes more 
autonomous, its requirements in terms of externally supplied growth 
factors become less exactmg These studies demonstrate clearly, more 
over, that a senes of veil defined growth substance synthesizing systems 
become gradually activated during the transition from the normal cell to 
the fully altered tumor cell, and the degree of activation of these systems 
determines the rate of growth of the tumor cell 

Normal cells of the type from which the tumor cells are derived do 
not grow on tlie basic medium Thus, although the difference between 
the Aree types of tumor cells is quantitative since all grow contmuously 
though at different rates, on the basic medium the difference between 
the tumor cells and the normal cell is qualitative One qualitative differ- 
ence found to exist m these studies is the absolute requirement of the 
normal cell for 6 furfurylaminopunne or the naturally occurrmg equiv 
alent of that substance The addition of that compound to the basic 
media or to the supplemented culture media did not stimulate growth 
of any of the tumor tissues The normal cells also possess, m contrast 
\vith the tumor cells an absolute requu-ement as a supplement for a cell 
enlargement factor such as naphthalene acetic acid The addition of 
6 furfurylaminopurine and naphthalene acetic acid to the basic medium 
permits the very slow growth of normal cells However only if the basic 
medium is supplemented with glutamine, asparagine, mosito] ginnihc 
and cytidylic acids, m addition to the auxin and 6 furfurylaminopurine, 
do the normal cells achieve a growth rate comparable to tliat of the fulh 
altered, rapidly growing tjpc of tumor cell It thus appears that as a 
result of the transition from a normal cell to a fullv altered rapidiv 
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growing crown gall tumor cell, a series of quite distinct but well defined 
growth-substance-synthesizing systems become progressively activated. 
This leads to the production by the affected cell of greater than regu- 
latory amounts of these growth-promoting substances. The continued 
production in greater than regulatory amounts of these substances by the 
tumor cell could and most probably docs account for the continued 
unregulated proliferation of sucli a cell. Precisely how the tumor-induc- 
ing principle associated with this disease accomplishes the simultaneous 
unblocking of several apparently distinct and quite unrelated metabolic 
systems remains unanswered. These results are nevertheless understand- 
able if it is assumed that some as yet uncharacterized master reaction 
within the cell is specifically but gradually unblocked by the tumor- 
inducing principle and which, once activated, not only accomplishes the 
unblocking of several other growth-substance-synthesizing systems but 
also determines the rate at which the entire series of metabolic events 
concerned with growth and cell division proceeds. 

The concept of growth autonomy presented above finds additional 
support in other directions. It has been possible to reproduce, under 
precisely defined experimental conditions and with the use of certain 
normal cell types as a test object, not only the morphological growth 
patterns (Braun and Naf, 1954) (slow and rapid disorganized growths, 
teratoma-like structures) but also the histological (hypertrophy and 
l^erplasia leading to disorganization and loss of function) as well as 
the cytological (multmucleate giant cells, etc.) (Skoog, 1954) abnor- 
malities that characterize the tumorous slate in crown gall. This was 
accomplished by varying the proportions of the cell enlargement factor 
and the factor limiting for cell division in an otherwise suitable culture 
medium on which the normal cells were planted. These artificially 
stimulated normal cells, in contrast to crown gall tumor cells, are self- 
imitmg growths and when the externally supplied stimuli are removed, 
their growth promptly stops. The fact that such stimulated normal cells 
commonly show histological and cytological characteristics of true tumor 
ce s but are themselves self-limiting growths indicates that the observed 
cellular abnormalities are the result rather than the cause of the tumor- 
ous state. 


Quite possibly, a cell acquires the capacity for autonomous growth 
as a result of the permanent activation of n series of growth-suhstance- 
syntliesizing systems the products of which are concerned specifically 
with growth accompanied by cell division. These systems are precisely 
regulated in all normal plant cells. 

Here, tlien, is a rare example of a disease in which an infective agent 
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m some as yet uncharacterized manner regularly converts normal plant 
cells into new cell types in short periods of time Once the cellular trans- 
formation has been accomplished, the pathogen no longer plays a role 
m the continued development of the disease The altered host cells 
become pathogenic by virtue of the fact that those cells have acquired 
a capacity to synthesize greater than regulatory amounts of growth- 
promoting substances of a type that are limiting for growth and cell 
division in normal plant cells 

Although growth promoting substances elaborated by the tumor cells 
themselves appear to be responsible for the continued unregulated 
growth of such cells, other sources of growth hormone may influence 
the morphological growth patterns as well as the rates of growth of the 
resulting tumors This is particularly evident when dealing with crown 
gall tumor cells that grow slowly and possess relatively low grades of 
neoplastic change For example, the tumor inducing principle elaborated 
by certain attenuated strains of the crown gall bactena initiates very 
slowly growing tumors on plants such as the tomato The application 
of synthetic hormones of the auxin type to such normally slowly growing 
tumors results m the formation of large rapidly growing tumors (Braun 
and Laskans, 1942) In this instance, the effect of the growth promoting 
substance on the cell is only temporary and, although growth is en- 
hanced, the increased growth rate does not become an intrinsic property 
of the cell itself Not only the rate of growth but also the tendency of 
tumor tissue to organize may be hormonally influenced When, for exam 
pie, the tumor inducing prmciple elaborated by a moderately virulent 
strain of the bacterial pathogen transforms pluripotent cells at the cut 
stem tip of a tobacco plant, complex tumors or teratomata arise Wlien, 
on the other hand, this same tumor-mducmg principle alters similar cells 
m an intemode of a plant contammg a functional apical bud, and hence 
hormone producing center, typical unorganized crown gall tumors de- 
velop In this instance, the functional apical bud can be wholly replaced 
in suppressmg the tendency of the tumor tissue to organize by synthetic 
growth hormones The effect of the hormone in suppressing organization 
in the tumor tissues is only temporary, as evidenced by the fact tliat 
tissue isolated from either the organized teratomata or unorganized 
tumors, when planted on a culture medium, shows identical growth 
patterns In both instances, the tissues are characterized by a capacity 
to organize highly abnormal shoots and buds It can, tlierefore, be con 
eluded that the greater the degree of the primary change in a tumor cell 
and, hence, the greater the growth-substance output by that cell, the 
less effective are externally supplied hormones in stimulating growth 
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The growth of fully altered, rapidly growing crown gall tumor cells is, 
in fact, inhibited when such cells are treated with growth substances of 
the auxin type. 

2. Wound Tumor 

A second plant disease whicli fulfills all of the criteria of a true 
neoplastic disease is one caused by a typical virus. This malady is known 
as the wound tumor disease. The etiological entity responsible for this 
disease is msect-transmitted and is one of a group of viruses that multi- 
ply in the insect as well as in the plant host. 

On a large variety of plants (Black, 1949, 1952, 1954), the symptoms 
produced in response to the virus involve morphogenetic disturbances. 
A survey of potential hosts indicated that at least 43 species belonging 
to 20 plant families produce symptoms typical of the disease, including 
irregular enlargements of the veins in leaves and tumors on the roots 
Other symptoms observed included leaf curling and distortion, leafy 
outgrowtlis from the undersides of the veins, vein tumors, distortion of 
petioles, and shortening of intemodes with a resulting dwarfing of the 
infected plant. 

The variations in symptoms vary from barely detectable to those 
that are extremely pronounced In Portulaca the tops of the infected 
plants bear no symptoms, but the roots contain many small tumors. In 
some plants such as sorrel and sweet clover the response to infection 
involves the production of large tumors which in the case of sweet clovei 
appear on the stem. Investigations on the latter host demonstrated that 
the hereditary constitution of the plant affects the number, size, distribu- 
tion, and morphology of the tumors (Black. 1951). In some strains the 
root tumors may be so large and numerous that they fuse together, while 
in others so inconspicuous that they may easily be overlooked. Similarly, 
in some clones, stem reaction involves the formation of many large 
tumors, in others they are rarely found. Moreover, hereditary influences 
on the stem and root may act independently. It has been found, for 
example, that one clone produces large tumors on stems and roots while 
another produces many large tumors on the roots but only occasional 
tumors on the stem 

That the genetic basis which causes a clone to be highly predisposed 
to tumor formation involves not merely a susceptibility to the virus but 
also an inherent tendency toward tumorous proliferation is indicated by 
the findings of Littau and Black (1952). These investigators found that 
the inbred B21 clone of sweet clover, which responds actively with tumor 
formation as a result of vims infection, produced five spontaneous tumors 
o^er a period of several years. Tliat these new growths were not the 
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result of accidental virus infection was adequately demonstrated The 
authors have compared their B21 line of sweet clover with strain C^Hb 
of mice which have lost tlie mammary carcinoma virus and yet 
show a strong inherent tendency toward the development of mam- 
mary carcmoma 

In this, as in other neoplastic diseases of plants, wounding plays an 
important role in the initiation of the disease Tumors develop from 
accidental or artificially made wounds, from points of stress, as well as in 
those regions where lateral roots emerge Black and Lee (1957) have 
also demonstrated that when infected plants are treated with an auxin, 
a pronounced increase in the number and size of stem tumors results 
Thus, at least three factors appear to be essential for the initiation and 
development of tumors in this disease (1) the inciting virus, (2) a 
wound or some similar stimulus, and (3) the hereditary constitution of 
the host 

The function of the wound is not yet clear Brakke et al (1954) 
have suggested that perhaps the response of a cell to a wound permits 
an increase in virus concentration and that the high concentration main- 
tains the cells m a state of active proliferation The cells present in 
tumors of sweet clover have been found to contam about one hundred 
times more virus than do nontumorous portions of a diseased plant 
Another possibility presents itself, however It may be that virus infected 
and hence potential tumor cells do not develop into a neoplastic growth 
until they are first stimulated to divide by noncarcmogemc processes such 
as woundmg, application of hormones, etc Once cell division is initiated 
as a result of a nonspecific stimulus, the infected cells are no longer sub 
ject to the morphogenetic restraints in a host which normally return the 
cell to quiescence after wound healing has gone to completion Kell> 
and Black (1949) have raised the very pertinent question as to whv 
one cell in the pencycle of an infected sweet clover root develops into 
an organized lateral root, while other pencycle cells in close proximity 
develop into disorganized tumors There are several possible answers 
to this question Since lateral root formation occurs earlier than tumor 
formation, it may be that the more embryonic tissue has such tight 
restraints placed upon it that the infection does not lead to its disorgan 
ization On the other hand, lateral roots, initially at least, appear to 
involve the xylary pencycle while the tumors generally involve the phloic 
pencycle These differences may reflect divergencies m morphogenetic 
response at the two sites A third possibility rests on the assumption that 
only certain cell types are infected by the virus The leaf hopper-trans 
mitted viruses, of which the \\ound tumor virus is a representative, 
appear to show a predilection for phloem tissue Since lateral root forma- 
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tion initially involves the xylar)^ pencycle, it may be that at the stage 
of root development that permits lateral root initiation, only that portion 
of the pencycle closest to the phloem is infected with virus It would, 
therefore, not be until lateral root formation mvolved tissue close to the 
phloem that a tumor would develop, because not until then would the 
cell division stimulus associated with lateral root formation involve 
virus infected cells 

Once tumors are initiated, the virus remains closely associated with 
the tumorous tissue Tliese tumors possess a capacity for indefinite 
growth, both in the host and m culture Sterile tumor tissue isolated from 
sorrel and planted on White's basic culture medium initially grew rather 
slowly and doubled its volume every 3 weeks Subsequently, Burkholder 
and Nickell (1949) devised a more suitable culture medium which 
permitted far more rapid growth of the tumor tissue The tumor tissue 
in culture was found to possess an unusually high requirement for phos 
phorus This was interpreted to reflect the need of the multiplying virus 
for this substance Similarly, an RNA hydrolyzate, and more specifically 
uracil, was found to exert a stimulatory effect on the growth of the 
tumor tissues 


There is no question about the fact that specific viruses are etio 
logically implicated in the wound tumor disease of plants as well as m 
certain virus induced tumors of animals The question that arises, how 
ever, is How does the virus induce the neoplastic state in a host cell? 
Vimses cause cells of plants and animals to respond to infection m many 
different ways Few elicit tumorous growths Even the tumor inducing 
viruses may infect cells and not exert a stimulatory influence on such 
cells Wliat IS it then that causes certain vnuses to induce cells to pro 
literate in an essentially unregulated and uncontrolled manner? There is 
partial answer at least m the case of Black’s wound tumor disease 
The virus infected tissue like crown gall tumor tissue, acquires a capac 
■ty to synthesize growth promoting substances concerned specifically 
with growth and cell division This is evidenced by the fact that the 
tumor cells grow rapidly and indefinitely on a culture medium that is 
lacking >n certain growth factors needed for the continued growth of 
normal cefis It thus .appears that the presence of the vims confers upon 
le cell the ability to produce such growth promoting substances m 
gre.atcr than regulatory amounts and as a result the cell achieves a 
phvsiologic-il autonomy 


3 Gencttc Tumors 

The formation of non self limiting tumors, m the development of 
uhich no demonstrable infectious agent is involved, is a regular occur 
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rence in certain plants In tliese instances, it is the genetic constitution 
of the cells within a plant that appears to be of importance Tlie most 
thoroughl)' mvestigated examples of this type involve the development 
of spontaneously occumng tumors in a large number of Ntcottana 
hybrids Kostoff (1930) demonstrated that when appropriate Nicotiana 
species are crossed, tumors develop m all hybrid offsprmg These hybrid 
plants are interestmg because they are, for the most part, perfectly 
organized both morphologically and histologically durmg their period 
of active growth and m the absence of irritation Once such plants reach 
maturity and termmal growth ceases, a profusion of tumors may develop 
on all parts of the plants It is, however, possible, according to Kunkel 
( 1954 ) , to initiate a tumor at almost any period in the development of 
a plant by making a wound m the vicinity of a vascular bundle The 
cells of such plants behave as do normal cells until they are stimulated 
to divide Once the cells of this plant are activated as a result either of 
natural processes or artificially induced irritation, they no longer respond 
to the morphogenetic restraints that return a normal cell to quiescence 
The genetic constitution of the cell, m this mstance, is critical Only such 
a nonspecific stimulus, such as irritation, is required to transform the 
potential tumor cells, of which the hybrid plant is composed, into 
actively prohferatmg autonomous plant cell types 

Smce Kostoffs ongmal descnption of this phenomenon, the number 
of tumor-producing combmations has increased considerably (Kehr 
1951, Kehr and Smith, 1954, Naf, 1958) The tumors apparently arise 
in tissue that has been stimulated to division by natural or artificial 
processes and, once mitiated, the tumors retain the capacity for un 
limited disorganized growth both tn vttro and m situ Normally tumors 
on the stem develop at the site of leaf or petal abscission A number of 
hybrid combmations have been found to produce tumors on the roots 
only In those many mstances in which tumors develop on all p-irts of 
the plant, tumor formation on the root often precedes the formation of 
overgrowths on the shoot This mcreased response on the part of the 
root may result for several reasons Lateral root formation may represent 
a stimulus similar to wounding and may, therefore, pla> a role in tumor 
initiation similar to that found m the virus tumors Irradiation of h>brid 
plants hastens the onset of tumor formation and increases significantly 
die number of tumors that develop (Sparrow et a! , 1956) Chemical 
irritation may also initiate tumors Kehr and Smith (1954) reported that 
leaves of certain hybrid combinations accidentally sprayed vith a mi\- 
ture of turpentme, whiting, and white lead, produced tumors at almost 
ever)' spot where droplets of tlic spray mixture fell on a leaf 

The genetic tumors appear to represent a lo\\er grade of neoplastic 
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change than do most crown gall tumors This is evidenced both by the 
fact that the stem tumors show a strong tendency to organize abnormal 
structures and that they seldom, if ever, reach the size and state o 
disorganization of crown gall tumors initiated by highly \ irulent bacteria 
Although these tumors are almost never directly fatal to the plant, they 
do represent a considerable burden to the plant 

Kehr and Smith (1952, 1954) attempted to analyze the precise 
genetic basis of these tumors by breeding a considerable number of 
diploid and polyploid combinations of Ntcotiana glauca X ^ langsdorffii 
From the data obtamed it was concluded that the tumor forming nature 
of the hybrid remains relatively unchanged regardless of the ratio of 
N glauca and N langsdorffii genomes as long as at least one complete 
genome of each species is present in the hybrid It was found further, 
that, although spontaneous genetic tumors develop when all twelve 
W glauca chromosomes are comhmed with a diploid complement of N 
Irtngsdorfli chromosomes, no tumors developed in hybrid plants when 
only one or a few N glauca chromosomes are present in addition to the 
diploid N langsdorffii genome 

Recently Naf (1958) has approached the problem from a different 
point of view This worf^er has divided all of the parents of tumorous 
hybrids into two groups which he arbitrarily designated as “plus” and 
“minus ” Naf found that if an intragroup cross is made either between 
tNSo ‘plus species or two 'minus” species, the offspring never develops 
tumors On the other hand, crosses made between a “plus’ species and 
a minus” species produce tumorous offspring Of a total of more than 
50 crosses tested, verv few exceptions to the above rule were found Naf 
explains these exceptions on the basis of relative ‘ plusness’ and “minus 
ness,’ similar to Hartmann s concept of relative sexuality It was con- 
cluded from these studies that the <Titical contributions to tumor forma 
lion of the ‘ minus' parents differ from those of the ‘plus’ parents These 
contributions, since they are of a genctical nature, must be reflected m 
parental metabolism and it should be possible to characterize them on a 
pli>siological level 

As m tlic case of cro\Nn gall and Black’s virus tumor, tissue isolated 
from the Inhrid tumors and planted m culture is capable of synthesizing 
all of the growth factors required for its continued abnormal groiUh 
from mineral sills and sucrose present m a basic culture medium Wint 
IS pirticuhrU interesting m the case of tlie hybrid is tint cells obtained 
from nonlumorous portions of hybrid stems also become autonomous 
upon isohlion ind culture Such tissue is tnily tumorous and, as White 
(1911) Ins shown, it can lie grafted to one of tlie parents, jV gfattra. 
where the implmts ngim dcxclop into tumorous overgrowths Ilvbnd 
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tumor tissue does not commonly differentiate and organize when grown 
on a semisohd medium White (1939) found, however, that when such 
tissue IS immersed m a liquid medium it tends to organize shoots and 
leaves It was presumed that oxygen gradients mfluenced the differentia 
tion process Skoog (1944) found, however, that the tendency to form 
buds and leaves can be completely suppressed by the addition of 0 2 
ppm of indoleacctic acid Low concentrations of mdoleacetic acid were 
found not only to suppress organization but also to stimulate growth 
The mdoleacetic acid effect was reversible by raising the level of certam 
nutrients such as sucrose KH PO,, and Fe 2 (SO ,)3 Subsequent studies 
on tobacco (Skoog and Tsui 1951, Miller and Skoog 1953) demonstrated 
that bud formation on isolated stem segments of tobacco depends upon 
an adenine mdoleacetic acid ratio Adenme favors bud development 
which, in turn may be mhibited by the addition of mdoleacetic acid 
More recently, Skoog and Miller (1957) have reported that 6 furfuryl 
ammopurme is far more effective than adenine in this respect 

The capacity of hybrid tumor bssue to organize shoots and buds 
under certam conditions does not reflect a tendency of such tissue to 
return to normalcy since these organized structures are composed entirely 
of potential tumor cells and they would appear therefore to be organ 


ized tumors , , ir i - 

The following picture emerges from studies on the non self limiting 
neoplastic diseases of plants It is apparent from this discussion that 
several quite distmct agencies can bring about tumorous state The 
biological aspects of this state are character^ed by ^owth autonomy 
This phenomenon can be adequately explamed on the basis of the ability 
of the tumor cell to synthesize certam growth promotag substances in 
greater than regulatory amounts The rate of grmvth of a tumor ceJl 
n fimrtion of the degree to which the growth 
appears moreover to be a tuncuuii » j „if,r«cfo 

substance svnthesizmg systems withm a cell are activated The ultimate 

activated m plant tumor cells is nn mhirp 

substances by ‘he ceU 

trolfeTproc^s U might appear that the Mrm.l gene complement 
istm^elCrdifled inlhe 

accomphshed by somatic ‘he cause of the 

reasons p,^,, The 

physiolopcaf autonomy .mplicated etiologicallj in 

first of tliese is that a specific vi h houcicr, that the 

one of the diseases m question « ^,,3 once this 

Mrus mduces a mutation at tne gen 
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I Ivmopi-cnoN 

Flowering plants must nll.un a minimum si/e or age liefore tlie\ c-:in 
reproduce During the \egetativc stages of growth and development, a 
plant is especiallv dependent upon nutrients Energv is rerpnred for the 
transition from vegetative to reproductive phases and for the priKtws of 
219 
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reproduction itself Reserve foods supply tins energy, and the plant, 
accordingly, must contain a sufficient reserve of foods to carry out the 
reproductive process Reproductive organs, however, do not usually 
manufacture foods to any appreciable extent and seeds in particular are 
heterotrophic In many species, especially those with an indeterminate 
growth habit, different parts of the same plant may simultaneously carry 
on vegetative and reproductive functions 

Light and temperature directly affect the initiation and development 
of floral primordia and the reproductive organs that develop later 
Leaves, apical buds, and other vegetative organs are the receptors of 
these stimuli Tlius, the environment may determine whether anthesis 
begins, is retarded, or is suppressed For example, sugar beets may flower 
prematurely in one environment or remain vegetative indefinitely m a 
humid environment The course of reproduction may embrace more than 
a season, and, in biennials and woody plants, more than one year There- 
fore, the plant is ordinarily subjected to wide variations in climate and 
nutrition during its life, factors that are critical to the over all repro 
ductive process 

Reproduction proceeds through stages of ripeness-to-flower, floral 
imtiation anthesis, fruit set, and maturation of fruit and seeds As repro 
ductive activity begins, the physiology of the plant is altered Vegetative 
growth decreases and is continuously readjusted m accordance with the 
demands of reproduction For a given plant and environment, the quan- 
tity of leaves stems, and roots determines m a gross way the number of 
flowers formed and particularly the number of fruits that come to matur- 
ity Especially in an unfavorable environment, there is a fluctuating com 
petition between fruits and roots, leaves, or even other fruits on the 
same plant As a consequence, reproduction slows do^vn the vegetative 
growth but does not inhibit it entirely, and vegetative growth may pro* 
ceed slower and then faster in succession in different stages of repro 
duction (Murneek, 1948) The complexity of these relationships is such 
that the plant as a whole must usually be considered in a discussion of 
the pathological aspects of reproduction 

Seeds and pericarp make very different substrates for pathogens The 
heterogeneous nature of reproductive organs is evident on caryological 
examination In addition during the maturation of fruits, especially 
fleshy ones ^sceds become dehydrated and show a marked increase m 
nitrogen content, and in condensation of reserve foods and finally appear 
isolated from the placenta, whereas in the pencaq), cell walls are hydro- 
Uzed, simple sugars arc formed and water content increases 

Diseases of the pericarp have little influence on seeds unless there 
IS premature fruit drop Con\erselv. seeds mas he killed by late frosts 
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whereas the pericarp is uninjured "When seeds are physiologically mature 
and firm, lysigenous breakdown of the pericarp begins adjacent to them 
and IS intimately dependent upon their maturity (Naylor, 1952) On the 
other hand, the metabolic activities of the pericarp may produce physio 
logically active substances such as ethylene, which at appropriate concen 
trations may play a role m inhibiting seed germination Thus, there is a 
correlation but no parallelism in the growth of the various parts of the 
fruit 


11 Parthenocabpic and Underdeveloped Fruits 
Seedless and parthenocarpic fruits exemplify the correlation in devel- 
opment of the fruit parts When parthenocarpy occurs naturally, it is 
assumed that the auxin content of the unfertilized ovule is sufficient to 
promote fruit development The same results can be obtained by the 
application of auxin sprays to plants that do not undergo parthenocarpy 
naturally These fruits are seedless, contain sterile pseudo seeds, or, by 
partial reversal of the normal growth correlation, parthenogenetic em 
bryos, sensu lato 

In fruits, the embryo, albumen, and pericarp are correlated in devel 
opment The embryo and albumen both arise through separate fertiliza 
tions on the part of the pollen nuclei Therefore, in sterile seeds with an 

1 
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abnormal, nongermmative embryo, tlie endosperm may be quite normal, 
eg, in Ruta graveolens (Cappelletti, 1929). A similar situation occurs 
in Bartlett pears (Griggs and Iwakm, 1954) In a favorable environ- 
ment, the Bartlett pear matures fruits that arise from vegetative or 
pollen induced parthenocarpy and arc produced uniformly, abundantly, 
and of good shape Unfortunately in other cases parthenocarpy is parti- 
ally induced 

In the olive tree, very small, persistent pseudodrupes originate (Fig 
1) from pollinated flowers in which elongation of the pollen tubes ceases 
in stylar tissues (Russo and Spina, 1952) In these fruits, the useless peri- 
carp is complete in all its parts, whereas the stone which consists of the 
hardened endocarp, contains pseudoseeds showing parenchymatous 
degeneration of the 4 ovules and no embryo (Messen, 1947) Factors 
that lead to arresting of pollen tube growth and therefore to the forma- 
tion of pseudodrupes in olives are incompatibility factors (Russo and 
Spma, 1952), and unfavorable environmental conditions such as high 
humidity (Morettini, 1950) and low temperature (Petri, 1942) 

Parasites may cause similar responses Thus, olive pseudodrupes may 
be the consequence of attack by insects, such as Coccus oleae and My~ 
tilococcus ulmi (Petri, 1927) The same intrinsic or environmental causes 
are thought to be responsible for some types of “shot-berries’ in other 
fruits, e g , grapes 

III Nutritive Disturbances 

Nutritive diseases act on the whole plant Consequently, they influ 
ence the reproductive organs through the vegetative ones El Hinnawy 
(1956), who recently studied this problem, concluded that the mfluence 
of minerals on the flowering response of long and short day plants is 
indirect and is exerted through their effect on the production of auxin, 
and therefore on growth and the production of material for flower bud 
formation 


A The Carbohydrate Nitrogen Ratio 
In past decades, there was a prevalent belief that the relation betu een 
the life of the individual and the preservation of the species was largely 
dependent upon the C N ratio, the influence of which on flower initia- 
tion was expressed in Kleb’s or Fischer’s rule All the conditions that 
either favor an accumulation of assimilates or hinder the absorption of 
uatcr and nitrogen salts increase the ratio of carbohydrate to inorganic 
nitrogen and consequently favor the transition of the plant to the repro 
ductive stage On the other hand, all conditions uhich cause the opposite 
effects fa\or ^egetat^\e growth 

After liie discover) of photopenodism, the importance of C . N ratio 
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was questioned and flower induction is now thought to be controlled 
by flowering hormones — the flongens These have not as yet been 
isolated 

Floral initiation is not fundamentally dependent upon the C and N 
supplies (Naylor, 1952) Rather the proper photopenod and other 
environmental factors as well as nutrition are necessary conditions to 
stimulate the formation of flongens In healthy plants, the transition 
from vegetative to reproductive stages requires a level of light and nutri- 
tion exceedmg the minimum needed by vegetative growth (Lona, 1953) 
With the onset of reproduction, vegetative growth is reduced N and 
particularly C accumulate in the plant, and as a result the C N ratio 
increases However, this accumulation seems a consequence of flower 
induction and not a cause of it 

Once floral pnmordia are initiated, they as well as the blossoms and 
fruits are strongly mfluenced by the C and N supplies and their broad 
mterrelationships are very important A satisfactory understanding of 
these complex phenomena has not been gained as yet, coordinate studies 
on growth promoting substances and on food competition throughout 
the plant are badly needed 

B Nutrient Excesses and Deficiencies AfiecUng Reproduction 

The above discussion of floral induction refers to plants living within 
“the limits of health”, if the abundance or the deficiency of one nutrient 
in relation to another exceeds a certain range, tlie plant enters into a 
real pathological condition 

The supply of carbon directly influences flowering through its pres- 
ence in a carbohydrate precursor of flongens and through the influence 
of carbohydrate translocation on the movement of the flowering stimulus 
(Lmcoln et al , 1956) 

Flower induction can be effected willi very short exposures to illu- 
mination and with light intensities well below the compensation point 
Later, a large supply of carbohydrates is necessarj for reproductive 
growth and, at least in some cases, it has been found that carbohydrates 
du-ectly influence the development of normal reproductive organs (Hart- 
mann, 1955, Miness} and Schroeder, 1956) 

Tlie nitrogen nutrition of plants affects reproduction in a number of 
ways Some plants seem to regulate nitrogen absorption regardless of 
the available snppl> (Crocker, I94S), but tlic response of different 
species to nitrogen is unpredictable TIic assumption tliat nitrogen de- 
ficiency v\ill promote flowering in long day plants and shghtiv deJav it 
in short-dav plants proved to be erroneous (El Ilinmw'v, 1936), Mur- 
neck’s conclusion (1948) still seems valid that nitrogen is one of the 
most crucial nutrient elements m the imlnbon of reproduction Nitrogen 
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promotes growth m accordance witli the principle that without nitrogen 
there is no growth hormone and consequently no growth (El Hinnawy, 
1956) Therefore, an abundant nitrogen supply is usually required in the 
reproductive stages subsequent to floral induction An excess or a de- 
ficiency of nitrogen can easily impair flowering or fruit set and the 
former condition frequently induces an increase in the number of 
members of flower verticilha, virescences, proliferations, and recrude 
scences of reproductive organs Excessive nitrogen also increases the 
susceptibility of blossoms to low temperature (Boynton, 1954) During 
maturation of fruits, excessive nitrogen may excite more cornplex re 
sponses on the part of the plant as in “Baldwin spot’ of apples (Carman 
and Mathis, 1956) Nitrogen deficiency may directly cause pistil abortion, 
affect pollen germmation, and induce flower shedding and fruit drop 
In dry climates, nitrogen deficiency is one of the most common causes of 
staminate flowers m the olive tree and nitrogen fertilization is, there- 
fore, advocated so tliat otherwise symptomless trees will form normal 
flowers and set fruits (Petri, 1942) Biennial bearing in olives in dry 
climates is reduced by nitrogen dressings in April of the preceding year 
(Sommaini, 1954, 1955) 

Although phosphorus does not affect flower initiation, according to 
El Hinnawy (1956), it accumulates in the developing primordia and 
flower buds Phosphorus deficiency may lessen the fruit set and is a 
recognized factor affecting earlmess of cereals and upland cotton, among 
other plants (Ergle and Eaton, 1957) 

Phosphoms, however, does not seem Inghly important in some fruit 
crops Thus, in peach, phosphorus can almost be considered a secondary 
nutrient, ranking below nitrogen, potassium, calcium, and magnesium 
(Bell and Childers, 1954) Tins behavior may be a result of the inter- 
action of phosphorus with other elements, especially nitrogen 

Potassium plays an important role in carbohydrate metabohsm, 
potassium deficiencies reduce set, size, sugar content* and color of fnnts 
An excess of available potassium, which is often related to high nitrogen 
levels, can mdirectlv damage reproduction because of its strong antagon- 
ism to calcium and, to a lesser extent, to magnesium, zinc, and other 
nutrients Tims, an excess of potassium tends to accentuate the symptoms 
of blossom end-rot m tomatoes and of “Baldwin spot” in apples 

Boron dt serves pirticular mention in regard to reproduction In verv 
low conwntralion (1 to 100 ppm ), it regulates the water absorption 
of certain pollens, prevents their bursting, and favors tlicir genmnnljon 
Also, It activates the development of the pollen tube These functions 
of !>oron oxpl im its presence in the nectar of the N>inpliaeaceac and in 
the stigmxtic secTClions of lonnto and other plants Tlic stimulation h' 
l>oron of the eloncation of pollen tubes is attributed to its influence oo 
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oxygen uptake and sugar absorption, but it may also involve the synthesis 
of pectic materials in the cell walls of the elongating pollen tube 
(O’Kellcv, 1957) In boron deficient grapes fruit set and yield are 
severely depressed, and fruits are seedless and undersized Boron- 
deficient apples show internal and external corking Preharvest drop and 
breakdown in late stored apples are also associated with the boron 
content 

A slight disturbance in boron nutrition sometimes affects a single 
stage of reproductive activity Thus, an incipient boron deficiency m 
vigorously growing grapes and pears may cause failure of fruit set 
although there are no foliar symptoms Sometimes this behavior is 
attributed to a high boron requirement of the plant when blossommg 
(Christ and Ulrich, 1954) In other cases it is attributed to the unavail- 
ability of boron in heavy, water-logged soils during the spring (Batjer 
et al , 1953), or to the dilution of boron induced by rapid development 
of vegetation following nitrogen fertilization (Boynton, 1954) 

According to Brennan and Shive (1948), the influence of calcium on 
carbohydrate translocation is a result of the relationship of calcium to 
boron Recently, Joham (1957) has judged the influence of calcium on 
carbohydrate translocation to be similar to, but independent of, boron 

Calcium deficiency per se exerts other, more direct, mfluences on 
reproduction Thus, in cotton it affects the earlmess of flowering, the 
number of flowers, and the weight of bolls (Joham, 1957) "Baldwin 
spot of apples, often attributed to an excessive development of foliage, 
has been associated with calcium deficiency in the fruit (Carman and 
Mathis, 1956) 

A zinc deficiency prevents the normal production of tryptophan, a 
precursor of mdoleacetic acid, and results m an increase m blossom and 
fruit drop 

Recently, iron deficient cocklebur has been studied during photo 
induction treatment Staminate flower primordia were delayed in appear- 
ance and developed more slowly In pistillate mflorescences, mature burs 
developed abnormally or failed to be produced Tlie mfluence of iron 
during photomduction was more pronounced than that of boron or 
magnesium (Smith et al , 1957) 

Deficiency of magnesium seems especially effective in delaying Bow. 
enng m such plants as mustard (El Hinnawy, 19o6) It has also been 
repeatedly associated with fruit drop 

IV ^Vater avd REPaonucnoN 

\Vlien water in the soil or in llie atmosphere is in excess or is defi- 
cient, or when tlie amount of water available undergoes sudden fluctua- 
tions, damage is likelv to result Unfa\orabIe water relations in the soil 
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do not always produce the same effect as unfavorable moisture relations 
in the atmosphere For instance, an excess of humidity around flowers 
may prevent the access of oxygen and reduce abscission, whereas an 
excess of water in the soil increases abscission 

Excessive moisture generally mterferes witli the transition of the 
plant to the reproductive stage When the atmosphere is too humid, 
flowering is delayed, fertilization is reduced because insect movement 
IS reduced, stigmatic secretions are diluted, and pollen grams are not 
dispersed by wind and burst Consequently fruit set is curtailed 

High atmospheric humidity may affect reproduction, even in fully 
developed fruits and embryos Wheat embryos may germinate in the 
inflorescences still in the field Intumescences of pod valves and of bean 
and pea seed are also attributed to high humidity (Hiltner, 1933) 
Drought conditions, even if short in duration, may have profound 
effects upon pollen formation and vitality At meiosis, drought may 
cause diploid and tetraploid microspores and pollen grains in Trade 
scantia If some wilting occurs, the pollen may fail to develop (Naylor, 
1952) During bloom, water inadequacy, therefore, reduces fruit set and 
causes blossom shedding 

Later on, a moderate moisture deficiency may increase firmness and 
keeping quality of apples and pears, but— especially m and climates— 
it affects the leaf root and leaf fruit ratios and the competition among 
fruits Sometimes, when fruits have attained their final size, competition 
between fruits and vegetative organs favors the fruit itself Thus, m the 
San Marzano \ariety of tomato, the leaves — which have a thm cuticle — * 
may wilt, whereas the fruits hold their moisture more efficiently by means 
of the mucilages and pectic substances they contain, and mature almost 
normally 

Usuall), howe^c^, a water deficit causes a reduction m size, number, 
and quaht) of mature fruits In mild cases, there is a partially reversible 
withdrawal of water from fruits, causing a shrinkage in olives, citrus 
fruits, etc (Savastano, 1934) For this reason, late spring and summer 
imgation increases the frequency of annual bearing in the olive tree, 
lessens fnut drop, and increases the size of individual drupes (Hartmann. 
1953) In temperate fnut crops, such as apple and pear, the flower buds 
are laid down in the >ear preceding flowering A mild water stress dunnC 
the critical period nn> slow down vegetative growth and enhance flower 
initiation (Tubbs, 1955) Once induction has occurred, the subsequent 
stages of flower development require an adequate water supply 

In some tropical fnnl trees, the drv season is the onlv rest period 
and the siicwssion of drj and rnim periods is nccessarv’ for a norm d 
I>trHxUc:il growth In Ltichl chinensts floral initiation and flowering occur 
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satisfactorily m Canton (Southern China), where the above conditions 
are found, but floral initiation is rare in Hawaii and there recourse is 
made to tlie use of such auxins as sodium naphthalene acetate (Nakata 
1955) 

Drought can prevent after-npemng and induce “secondary dormancy’ 
m seeds 


V Temperature and Reproduction 

In plants requiring a thermoperiod to go into the reproductive stage, 
temperature determmes the initiation of flowering The apical bud is 
the receptor of the stimulus and in the absence of a favorable thermo- 
penod, such plants either do not form floral pnmordia or fail to flower 
If a favorable stimulus is received out of season, it can induce plants 
to flower at tliat time, e g , the preflowering of sugar beets when ivmters 
are mtermittently mild 

A minimum daily range of temperature is often necessary for good 
fruit set Diurnal thermopenodicity equilibrates photosynthesis and con- 
densation reactions in daylight and respiration and growth at night For 
the tomato, night temperatures should be at least 6® C lower than day 
time temperatures (Verkerk, 1955) The best temperatures for setting 
large crops of tomatoes in Texas, range from 13 to 20® C at night and 
from 21 to 30° C during the day (Young, 1957) Daily excursions of 
temperature are also needed for the after ripening of some seed and can 
act as a substitute for light on light sensitive seed 

Excursions of temperature on an annual basis are sometimes required 
Thus, the annual periodicity of growth in subtropical trees is often un- 
paired by the absence of a moderate winter chilling Inflorescence devel- 
opment in olive and subsequent fruit production are generally propor- 
tional to the amount of chilling received (Hartmann and Porlingis, 1957) 
For this reason, olive yields poorly in the African highlands 

High temperatures are a common cause of blossom shedding and fruit 
drop The most sensitive parts of flowers are pollen and stigmas Thus, 
tomato pollen is inactivated when temperatures exceed 32° C (Young, 
1957) although the variety of the plant and its vigor affect this relation 
Thus, the Hotset variety of tomato aviII set fruit at temperatures from 
3 to 5° C higher than the maxima that are usually tolerated 

Although high temperatures break dormancy of some seeds, they 
induce secondarj' dormancy m others and temperatures above 30° C are 
not favorable to the germination of some species of seed (Toole et al , 
1955) 

The first effect of low temperatures ma> be showm b> pollen Tem- 
peratures below 15° C at the hme of dispersal mav dc\italize maize 
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pollen (Elitropi, 1958) Reproductive organs are highly susceptible to 
frost injury According to Modlibowska (1956), the various parts of the 
flower are not equally susceptible Petals mav be harmed when male and 
female organs are still uninjured and vice versa Often the filaments are 
damaged, whereas the g>noecmm is still intact Early autumn frost ma> 
harm the flesh of fruits that arc low m sugar at maturity or that ripen 
late m the fall or during the winter Tlius, according to A7zi (1928), 
mature olives are injured by temperatures of —0 4° C but even m these 
cases early frost causes little or no damage to reproduction 

Late spring frosts affect reproduction frequently Modlibowska (1956) 
has shown that the economic consequences of late frost on the >ield arc 
less than is thought Even when as many as of the flow'crs arc killed, 
the remaining ones produce a good crop if trees are well tended and pest 
and disease control is adequate The effect of intense and repeated frosts 
on such early flowering trees as the almond may be so great, however, 
that the reproductive activities for the entire year may be suppressed 
The cold susceptibility of reproductive organs in different species 
varies widely In apple and cherry the pistils are first injured at the base 
of the style In pear the ovary is most susceptible In cherry and plum 
the first lesions on the ovary arc external In apple and pear the centers 
of the flower and young fruit are injured earlier than the pericarp Later 
the reverse is true The susceptibility of flowers and fruits to frosts vanes 
with the stage of growth, even in different varieties of a single species 
Among apple varieties, 'Belle de Boskoop” is equally sensitive at all 
stages, Bramleys seedling” is most sensitive at the green button and 
pink button stages but becomes hardier later, the reverse is true m 
Ellison’s orange’ (Modlibowska, 1956) 

The minimum temperature tolerated by flowers depends on their 
physiological condition, their nutrition, and the rapidity of growth Thus 
rapi growth m a humid and warm environment predisposes flowers to 
frost injury 

w pathogens may predispose flowers to frost injury Thus, 

Modlibowska (1956) has shown that infection by Stereum purptireutn 
increases susceptibility of plum flowers to low temperatures 

VI Light and Reproduction 

The requirement of plants for a certain duration of daylight (m 
order to flower) is now well known In order to flower many plants 
temperature period— a short photoperiod 
ol 10 hours or less and others require one of 14 hours or more The 
light stimulus IS perceived by the leaves and the interval over which 
the response to day length occurs is that of photoperiodic induction 
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For short-day plants, the dark period is the critical one if it has been 
preceded by a light period Long day plants flower even in continuous 
light and then failure to flower is due to an excessively long dark period 
Some plants require a succession of two different photoperiods Thus 
Ccstrinn nocturnum flowers when subjected to long days followed by 
short days or continuous long or short days or short days before long 
days are ineffective 

The behavior of short- and long day plants is presently explained 
in terms of flowering hormones Florigens, formed in leaves, would be 
destroyed by high levels of auxins But when florigens are translocated 
to buds, auxins contribute to their fixation and to the subsequent differ- 
entiation of floral primordia (Salisbury, 1955) In floral mduction, accord- 
ing to Liverman (1955), there is a lowering of the auxin level during 
the dark period in both long and short day plants In short-day plants, 
the dark period causes the auxin content to drop to a level where flongen 
synthesis can occur In long day plants, the auxin level is too low for 
flowering under short-day conditions and long days are thus required 
for floral induction 

When occurring late in the life of a plant, photoperiodic stimuli 
sometimes cause abnormal responses Thus short day conditions may 
cause the formation of embryo sacs in the anthers and of pollen m the 
pistils (Naylor, 1952) 

Even plants indifferent to day length, such as tomato, fail to fruit 
when exposed to day lengths of 5 hours or less or of 24 hours or more 
In the latter case, foliar injury often occurs 

Photoinduction occurs both in woody and herbaceous plants Pom 
settia and Bougainvillaea are short day woody plants and Hibiscus sijna 
cus is a long-day plant Other species are day neutral Although in herba 
ceous plants, photopenods induce flowering in woody plants they control 
dormancy primarily (Wareing, 1956) Sometimes, as in apple flowering 
climatic conditions are less important than physiological conditions and 
the latter are modified by climatic conditions in ways which are still 
obscure (Gorter, 1955) In tropical and subtropical plants, dormancv or 
vegetative pause seems to depend upon chilling or dry spells 

A number of growth regulators interfere with floral initiation, and 
Salisbury (1957) has identified the steps m photoperiod induction of 
cocklebur that are blocked by some growth regulators One mechanism 
determines the critical dav length Other stages of induction are synthesis 
of flowering hormone in the leif and dexelopment of floral buds Evi 
dence for this reasoning is based on the abilit\ of cobiltous ion to inter- 
fere N\ith the mechanism controlling critical dav length, tlie inhibition 
by 2.4 dimtrophenol of flongen sjmthesis, (he action of 3 tndohiccOc acid 
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naphthalene acetic acid, and 2,4-D to destroy the flowering hormone 
in the leaf, and the ability of maleic hydrazide, Dalapon, and 2,4*D to 
inhibit floral bud development 

Quite apart from photoperiodic effects, intense light absorbed b> 
dark surfaces such as fruits and flowers is converted into heat and the 
exposed tissues can attain temperatures 8 to 9° C above the temperature 
of the surrounding air Blueberries in New Jersey attained temperatures 
of 40° C when the air was 31° C (Stevens and Wilcox, 1918) 

Intense light prevents the germination of many seeds, e g , most 
Lihaceae, and induces secondary dormancy in some of them, e g , 
Nigella, which become light hard In such cases their germination is 
hindered, even when they are put again in darkness Dark hardness may 
be caused by low light on light-requiring seeds, as, for example, many 
grasses 


In insufficient light, leaf production takes place at the expense of 
roots (Shirley, 1929) and reproduction is impaired Delayed flowering, 
reduction m the initial number of flowers, shedding of blossoms, and 
slow development of fruits are usually induced by low light intensities, 
either at high or low temperatures 

When plants receive the full spectrum of daylight, intensity is not 
very important About 40 foot candles seem sufficient for mere survival 
of many plants In Guthrie’s experiments (1929), flowering was impaired 
only when illummation was reduced to 8% of full summer sunlight When 
occur, they usually result from an mcomplete spectrum, 
which lacks the shorter green, blue, and violet wavelengths, i e , shorter 
t an _00 A Under glass that fails to transmit violet light, some plants 
diiierentiate few if any flowers 

The studies of Flint and associates (m Crocker. 1948) were among 
tne tirst to present modem mtormation on the influence of different rays 
on the hfe of plants According to them, the region 5200 to 7000 A (red, 
range an ye ow light) stimulates the germination of lettuce seeds 

VOOoTo ffirnTT' 'T Mile, and violet) and 

7UU0 to 8600 A (mainly infrared) are mhibitive The action spectrum 
for floral induction of short day plants, such as Xanthmm penmyl 
cl sermination of lettuce seed (Borthwick 

1 7 ’ ® '"Sgest that red and infrared rays generally 

p.rticipate in flower induction and elicit other morphological responses 
of higher plants, so that the action of light upon some seeds would be 
s,l ''""S P-cesses (Was- 

Red rays promote growth and flowering in barley, a long-day plant, 
whereas infrared rays inhibit growth and promote flowering in Xant/uurn, 
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a short day plant In flower initiation, the most effective red rays are 
in the region of 6500 A and 7350 A is the most effective region of the 
infrared Red ra>s may repeatedly reverse the photoreactions induced 
by mfrared and vice versa These reactions appear to be independent of 
temperature Their reversibihty, however, is reduced by a dark period 
between the Uvo irradiation periods The effect of darkness depends upon 
temperature (Downs, 1957) 

Infrared rays may also decrease fruit set especially at high tempera 
tures, in some neutral day plants, such as tomato (Young 1957) 

VII INTERACTZO^S OF NUTRITION AND ClIMATE ON REPRODUCTION 

Although the effects of nutrition and climate on reproduction have 
been examined separately, their action on plants is sometimes mextricably 
mterrelated and cumulative Thus long and short day plants do not 
respond to photoperiodic stimuli when temperatures are too low (1 to 
4° C ) or too high (30 to 38® C ) (Liverman, 1955) In short day plants 
the night temperature is very important and m long short day plants 
e g , Oestrum nocturnum, the day temperature has a great effect upon 
long day induction whereas the night temperature has its effect upon 
short day induction (Sachs, 1956) During part of the photoperiodic 
cycle, cool temperatures are reguired by Glycine max (Blaney and 
Hamner, 1957), perhaps indicatmg an endogenous rhythm of 24 
hours’ duration (Bunnmg 1956) 

The behavior of seeds is altered by combinations of temperature and 
light Lettuce seeds, kept for 24 hours at 25® C m a dark germmator lose 
their sensitivity to light and do not respond to standard illummation 
However, when stored m darkness at 5® C , they germinate normally In 
a dry environment, seeds exposed to low temperatures do not after 
ripen, but if allowed to imbibe water before exposure to red or infrared 
rays, the response of the seeds is different (Liverman, 1955) 

The nature of the flowering response m cucurbits is altered by proper 
adjustment of temperature and light Thus, cucurbits can be induced to 
form stammate, monoclinous, and pistillate flowers under appropnatelj 
controlled conditions just as they do in nature (Nitsch et al 19o2) 

High temperature m associaUon with low light mtensity mduces 
poor fruit set in tomato as well as dormancy of fertilized manes (John 
son, 1956) In some fruits, high temperatures, intense light, and deficient 
moisture, in combination, alter cell permeabilit> with the result that cell 
sap fills the mtercellular spaces, parenchymal cells become discolored 
and a watery decay of tissues sets m, e g , water core of apples Blossom 
end rot of tomatoes is another example It can be induced by intense 
daylight, b> high niglit temperatures (Verkerk, 1955), b> tcmporaiy 
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water shortage in a critical stage of tlie development of the fruit, or by 
calcium deficiency in winch the ratios of potassium to calcium and of 
soluble calcium to total salts in the soil solution are important (Gerald 
son, 1955) 

“Shrunken gram ’ of wheat is another complex disease induced by 
moisture deficiency of the cary'opses, which deficiency in turn is caused 
by hot dry winds, by pathogens such as rust or Ophioholtis gramims, or 
by malfunctioning of the vascular tissues, such as in lodging of wheat 
(Baldacci and Cifern, 1944) According to Mulder (1951), bitter pit of 
apples is induced by inappropriate breeding and cultural methods, excess 
nitrogen, relative lack of phosphates due to magnesium deficiency, and 
adverse ratios of foliage to fruits 


VIII Impaired Growth Correlations or Reproductive Organs 
The fulfilling of each stage of reproduction requires that the different 
organs be in the right condition at the right time Thus, for fertilization 
to occur, pollen must be able to germinate, stigmas must be receptive, 
water, inorganic nutrients, sugars, and growth factors must all be ade 
quate, and temperature and light must be within certain limits If these 
conditions are not fulfilled, fertilization may be impaired In tomato, high 
nitrogen levels, or low light, or high temperatures and high light intensity 
may induce style exsertion before dehiscence of the anther sacs occurs 
and, as a result, fruits fail to be set (Johnson, 1956, Leopold, 1955) In 
maize, the environmental conditions may easily mduce the opposite con- 
dition, premature pollen dispersal, though this is usually not very harm 
ful (Ehtropi, 1958) 

Abscission of Reproductive Organs 
when flowers and fruits drop prematurely, a dissolu 
n of the middle lamellae and adjacent layers of the primary cell walls 
tP,^r ™ abscission zone of the peduncle Meristematic layers pro 
ect the stump of the peduncle, which remains on the plant, and the 
lumens of vessels become occluded by gums and tyloses 

Abscission IS now thought to be controlled by the relative auxin 
concentration across the abscission zone When the gradient of auxin 

ste'i^r n'“' “"‘’-from the proximal to the distal side-is 

steep, flowers and fruit me not shed, when the gradient is low, or d.s 

re3t?;r,'? f 'Ptay on leaves, abscission 

results Addicott and Lynch, 1955) The “auxin gradient” hypothesis 
may no bo generally valid, since m VhaseoJu, Rigans and Coleus 
blumci tlie controlling factor in stimulation or inhibition of abscission 

lU LcopoldTooS) gradient (Gaur 
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In young flowers, auxin production is largely centered in the matur- 
ing stamens and ovaries (Leopold, 1955) When flowers are mature, 
their auxin content becomes very low, but upon pollination the ovary 
produces a new flush of auxin This gradually diminishes until new 
auxin IS produced by the endosperm and later by the embryo 

In the apple, there are four flushes of blossom and fruit abscission 
The first drop is given by aborted and unfertilized flowers The second 
appears associated with an insufficient activation of auxm forming sys- 
tems in the fertilized ovaries These two can easily fuse one into another 
The third (June drop) and the fourth (preliarvest drop) occur in periods 
of lessened auxin production in endosperm and embryo Auxin sprays 
satisfactorily control the first flushes of flower and fruit drop, when some 
environmental condition has temporarily interfered with pollination and 
limited fruit set 

Environmental conditions, however, can interfere with auxm action 
Thus, Marglobe and Rutgers tomatoes do not respond to sprays of 
p-chlorophenoxyacetic acid under high temperatures and light intensities 
of summer, whereas summer setting varieties, sprayed with the same 
compound, nearly doubled their fruit production (Johnson and Hall, 
1955) When there is a temporary lack of nutrients, as in the case of 
early tomatoes that may flower when there are still few leaves on the 
plant, auxin treatment can usefully delay fruit drop until nutrition 
becomes adequate, but auxins cannot indefinitely replace an adequate 
nutrient supply 

The competition for nutrients among reproductive organs may result 
in droppmg of fruit shortly after fruit set And, when the number of 
leaves is insufficient to supply the fertilized ovaries with the necessary 
food, the younger ovaries may become dormant because the fruit already 
set seems to have a priority upon the amount of nutrients and food 
available In tomato and cotton, the dropping of young fruits is greater 
when older fruits have already been set on the plant In cotton, for 
example, the droppmg of fruits at the beginning of the fruit set period 
may be as low as 10 %, whereas at the end of the flowering period, it 
may be over 90% In this case, the abscission of younger fruits is stimu 
lated by the auxm concentration of older fruits (Addicott and Lynch, 
1955) Inasmuch as nutnents are translocated to and concentrated in 
regions high in auxm, young fruits receive fewer nutrients than older 
ones do 

The activity of auxins is, therefore, interrelated witli and affected b> 
nutrition as \\ell as by light, temperature, respiration, and translocation 
(Hamner and Nanda, 1956, Biggs and Leopold, 1957) Furtliermore. 
calcium IS necessary for the formation of the insoluble pectins m middle 
lamellae and zinc is required for auxin synthesis Carboln drates are 
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specifically useful in the formation of cell wall material Oxygen and 
carbon dioxide concentrations, insofar as they influence respiration at 
this stage, may influence abscission The carbon nitrogen ratio (a re 
sultant of the processes of nutrition), photosynthesis, and respiration 
also provide information on the likelihood of abscission Either a very 
high or a very low value of the carbon nitrogen ratio indicates that 
fruit drop is likely 

Auxm sprays are a convenient method of preventmg flower abscission, 
application being made to flowers or to the soil A number of synthetic 
growth hormones are useful for this purpose Esters of p-chlorophenoxy- 
acetic acid, and of p naphthoxyacetic acid are useful for improving fruit 
set of tomato Very low concentrations of 2,4-D have proven effective 
on snap beans Benzothiazole 2-oxyacetic acid, a weak auxin, is preferred 
for use on figs because it causes development of seed coats as well, and 
this has improved the saleability of the parthenocarpic fruit 

For the control of preharvest fruit drop, auxins are applied as sprays 
or aerosols and treatment is repeated The treatment tends to improve 
coloring of apple fruits and does not increase the percentage of defective 
fruits The use of auxins m this way has some unfortunate side effects 
Thus, the respiratory rate of the fruit is increased so that the useful 
storage life is shortened To counteract this effect, maleic hydrazide can 
be mcorporated into the auxin spray Auxins also enhance radial cracking 
in apples and induce pufBness and other undesirable effects in tomatoes 
Unless the concentration of 2,4-D on oranges is at the low level of 10 mg 
^r liter it tends to induce abnormally large navels or seeded fruits in 
the otherwise seedless Navel orange 

Ohves fail to respond to auxins sprays, applied to prevent preharvest 
rop Melis (1949) has pointed out, however, that both preharvest and 
summer fruit drop of olive is often caused by infestations of Prays 
oleellus, the importance of which had been overlooked 

Other auxms have been used for fruit thinning It is thought that they 
ma> act by inducmg incompatibility between pollen tubes and stylar 
1955^ 'Inhibiting pollen germination or tube elongation (Leopold, 

X Physiological Disorders Favoring the Establishment of 
Parasites on Reproductive Organs 
Phjsiological disturbances sometimes make the plant more susceptible 
to attack by parasites Thus, intumescences of peas and other legumes, 
mduTOd by high humidity, have been attributed to Claclosporttim pisi. 
which only colonizes them Grape inflorescences, injured by low tempera- 
tures, arc usually invaded by BotryUs cmerca Olive pistils are often 
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infected by Pseudomonas savastanoi through wounds caused by late 
frosts Sunburn or sunscald of tomato is readily infected by ubiquitous 
molds such as Alternaria tenuiSy Cladosporium herbarum, etc 

The colonization of necrotic tissues by common molds is so inevitable 
that some physiological disorders have long been mistaken for infectious 
diseases Blossom end rot of tomatoes is an example In southern Italy, 
the damage caused by Monilia laxa to almond blossoms is so dependent 
upon cold and humid weather tliat farmers attribute the rot and shedding 
of blossoms directly to unfavorable weather In some of these diseases, 
the action of the pathogen is primary in importance although secondary 
in order of time Such diseases might, therefore, be classed as “conse- 
quential” or “concatenate” diseases (“Folgekranklieiten ' or ‘Kettenuir- 
kung verschiedenartiger Krankheitsprocesse”, Morstatt, 1933) 

XI Infectious Diseases 

Whether mfectious diseases are systemic or local, they affect the 
general physiology of the host and, when the mfection exceeds a certam 
intensity, reproductive activities of the host become affected The same 
pathogen can behave differently in regard to host reproduction, depend- 
ing on the mode and amount of mvasion of host tissue Kunkelta nitons 
prevents Qowering of blackberry (Rubus spp ) when mycelium is gen- 
eralized m host tissues from the rootstock to the growing point, but docs 
not mterfere with blossoming except in the invaded nodes ulien infec 
tion IS local (Dodge, 1923) 

Some pathogens of flowers, fruits, and seeds limit their attack to 
accessory parts of reproductive organs and thus do not interfere with 
the preservation of the species Cortjneum beijerinckn behaves in this 
way because it mjures the bulky or dry pericarp of stone fruits 

A Seed Borne Pathogens of the Vegetative Organs 
Some parasites cause no injur)' to tlie seed but are simpl) earned 
on them and subsequently attack the plant developing from this seed 
Conjnebactcniim michtgancnsc plugs the microp>le and surrounds the 
embryo of tomato seeds, but may not interfere ^Mth the germination of 
the seed or with tlie life of the seedling Tims, the disease is latent m the 
seed or seedling and becomes overt only m the vegetative organs of f/io 
adult plant Similarl) tomato plants, attacked bj rusanum bulbigcnum 
lycopcrsict, often bear apparcnll) normal fruits and viable seeds In 
such cases, the reproductive organs act as carriers of a latent infection 
Tins situation is opposed to tliat of the parasite which generalizes in 
the green parts of the host plant and ivecomes pathogenic onlv in repro- 
ductive organs, eg, manv smuts 
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B Diseases of the Vcgctalwc Parts Specifically Affecting Reproduction 
It IS well known that parasites may stimulate distant responses, useful 
or injurious, on the part of their host plant There are orclnds (Gostrodia 
elata) that do not flower unless infected by Artntllarm mcllca, and 
Rhizoctoma solam induces the formation of aerial tubers on steins of 
potato plants infected in the roots and stolons 

Occasionally, responses unfavorable to reproduction are elicited by 
mycorrhizae, the importance of which m the normal physiology of man) 
plants IS well known Mycorrhizae of the olive tree may intercept the 
major part of nitrogen available m a nitrogen deficient soil Pistil abor 
tion and blossom shedding ensue (Petri, 1914) Sometimes this nitrogen 
deficiency results m morphologically abnormal staminate flowers, as 
Petri (1942) and others have found 

In northern Italy, the mtrogen starvation resulting from mycorhizae 
of Rufo graveolens has prevented the development of the embryo m 
otherwise normal seeds so generally that extmction of the species seems 
inevitable Plants lacking mycorhizae produce germinable seeds (Cap 
pelletti, 1929) 

The indirect action of pathogens on reproduction is illustrated by 
Gtbberella fupkuroi, which forms gibberellms in the plant This fungus 
induces earlmess m plants reaching adult size, but lowers yields Gen 
erally, the gibberellms increase stem elongation and, in doing so, release 
a flowermg response, especially evident m plants where the acceleration 
of vegetative growth eliminates mechanical barriers to flowering The 
gibberellms may reduce germmation time of seeds, but have no effect 
on total germmation 

C Pathogens Attacking Reproductive Organs Directly 
1 Seed and Fruit Contaminants 

Parasitic or saprophytic microorganisms may get into the flower and 
be borne on the surface of the seeds as external contaminants, or they 
may penetrate mto its external layers, inducing "transitional infections,’ 
or ‘flower-seedlmg infections” (Gaumann, 
1950) These microorganisms interfere with the viability of the embryo 
only when favored by particular environmental conditions Among the 
genera of fungi actmg in this manner are Altemana, Cladosnoriiim, Bel- 
mmthospormm, Pullulana, and Stcmphijhum "Heating” of moist grains 
is due to these fungi 

Most of the parasitic fungi that act m this way infect the seedling 
during preemergence or immediately thereafter Some, eg, Helmtntho 
sporium grammeum, are also harmful later m the life’ of the plant 
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2 Fructicojoiis Infections 

Some pathogens attack reproductive organs only Thus the flower 
primordia of Penmsetnm are attacked by Tolijpospontiin pentcillariae, 
monochnous flowers ready to blossom are attacked by Clavtceps pur- 
purea, and entire female flowers of Ulmus are attacked by Taphnna spp 
Pistils are also attacked Sometimes they are partially infected, as in 
“partial bunt” of wheat caused by Tdletia incbca In others they are 
entirely invaded, as in the case of mulberry ovanes attacked by Ciborta 
caruncoJoides Tlie seeds of Alnus are attacked by Helotium seminicola 
and fruits may also be attacked as m the case of Tilletia harclayana 
of rice 

These parasites sometimes enter sexual organs through the accessory 
parts of the flower or fruit In other cases they infect the pistils directly 
or are inoculated by msects into seeds or fruits, e g , stigmatomycoses 

Many pathogens overwinter in the affected organs of the host some 
in the soil by their own perennatmg structures, as in the case of Clam- 
ceps purpurea and many smuts, still others survive in ways that are not 
yet known (stigmatomycoses) These pathogens are not externally seed- 
borne, do not induce generalized infections of their hosts, and might 
be considered “fructicolous” sensu Into 


3 Generalized Parasites with Sporulation Restricted to 
Reproductive Organs 

Other pathogens, perhaps the most interestmg for students of diseases 
of reproduction, are more or less generalized through the green organs, 
where their parasitism is more or less indifferent to the host plant They 
sporulate and, in doing so, induce overt disease m reproductive organs 
or in the accessory organs of flowers and fruits Gaumann (1950) con 
siders these as agents of ‘organotropic diseases , , , 

In rare cases the infection begms from the embryo which becomes 
infected at anthesis Ustilago nuda and U tritici provide examples of this 
condition Gaumann (1950) has used the tem. germinative transmi^s- 
sion" to describe this situation and Fischer and Holton (19o7) used the 
term “embryo infection" In other cases, infection may begin in the seed 
coat, e g , Botrijtis antlwphila. in other imtances, it arises from the peri- 
carp and huskl eg. Ustilago avenae from the seedlings or from he 
shoots, as m Ustilago molacea Tlie period of incubation of shoot infcc 
tions may last more than one year in plnrcnnials F.irasi tes cins|ng need- 
ling infeLons and those causing seed coat, pericarp and 
have seed borne or soil-home spores or myceha These itimtions ^ 
respond to Gaumanns (1950) terms "pscudoHoucr infectan Ho' ei 
seedling infection,” and "adherent transmission Such modes of infcc 
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tion may coexist in the same species. Tims, V. violacca can penetrate 
into the plant through flowers, buds, and excised stems (Spencer and 
White, 1951). 

The chrysanthemum aspermy virus causes deformation of flowers but 
no symptoms or at most a slight mottling on leaves. Tlie vims can be 
recovered from roots, stems, leaves, and flowers; sap from flowers is the 
most infective, that from roots the least. Leaf sap is said to contain an 
inhibitor, although little or none is present in the flowers (Hollings, 
1955). Therefore, this is a case of “forced organotropism” (Gaumann, 
1950) 

The diseases discussed in Sections XI, C, 2 and 3 have been termed 
venereal diseases’ by Gaumann (1950), Tliis is a suggestive term. Ven- 
ereal diseases, however (“venereal” from Venus, the goddess of love) 
are not such simply because they affect the reproductive organs, but 
because they usually arise from sexual intercourse with an infected mate. 
Thus cancer of the reproductive organs is not a venereal disease. In the 
diseases considered above, the pathogens infect the reproductive organs 
but this is independent of the fertilization processes which are often 
prevented by the diseases caused by the pathogens. 

In some cases, they effect also a “parasitic castration” ( UstilaS^ 
vtolacea) or induce a “parasitic unfruitfulness” in a wider sense. Com- 
monly, they do not penetrate into the host through the stigma and the 
^ylar tissue. Even U tritwi, which shows so high an electivity for em- 
bryos, pierces the wall of the young ovary laterally (Batts. 1955, Batts 
and Jeater, 1958, Ohms, 1955). 

It seems interesting to note that an apomictic progeny of a male 
sterile mutant of Paspalum notatum produced more than five times as 
many ergotized florets, infected by Claviceps paspali, as a similar 
progeny of a male fertile sister plant tested m comparison (Burton and 
l^etebvre, 1948) The sphacelial stage of Claviceps purpurea developed 
of stamens and ovaries (Cherevvicl, 
), Itlietm buchloeana and Sorosporium Everhartii may transform 
into bunt or smut balls the rudimentary ovaries of staminate spikelets, 
^iich normally would never produce seeds (Fischer and Holton, 1957) 
inerelore, these fungi are to a certain degree independent from the 
presence of mature sexual organs and from the nutritive environment 
including hormones and similar substances associated with the reproduc- 
tive state ^ 

A similarity to venereal diseases may he shown only by those dis- 
eases winch are transmissible by way of the fertilization process. This is 
the case of bean mosaic vims (Phaseolus vims 1), which can be trans- 
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mitted through the agency of the pollen of infected plants This virus 
disease, however, is also transmitted m other ways and, when transmitted 
through the pollen, does not particularly damage reproduction 

4 Reproduction Affected by Nonelectwe Parasites Entering the 
Plant through Reproductive Parts 

Still other parasites {Ertointa amylovora and Sclerotinia spp , espe- 
cially S laxa ) are capable of attacking tender vegetative organs, such as 
unfolding buds and young leaves or twigs through natural openings and 
through wounds, but they frequently penetrate the plant through floral 
organs such as petals, stamens, and pistils These structures are either 
not cuticularized or little so, and offer conditions conducive to mfec 
tion high humidity and the presence of nectar and stigmatic secretions 
Ubiquitous organisms may also infect stigmas and enter friuts where 
they usually remain meffective, as, for example Bacillus vulgatus m 
Cucurbita pepo (Marcus, 1942) High atmospheric humidity favors the 
infection process Thus, accordmg to Weaver (1950), at 90% relative 
humidity peach blossoms contract infection by Sclerotmia fructicola 
through all floral organs, at 70 to 80% relative humidity, blight occurs 
only from mfected stigmas, while at 70% relative humidity, blight of 
blossoms occurs only from stamen infections 

In the stone fruits, flower buds open before foliar buds do, and when 
the season is most favorable to infection, floral infections are abundant 
In other cases, as with Erwtnia amylovora, flowers attract the insect vec- 
tors of the pathogens rather than the pathogens themselves 

Some pathogens may cause late infections on maturing fruits, enter 
mg through lenticels or by piercing the cuticle as, for example, Sclero 
tmia spp In these fruits, which are changed into mummies, the perfect 
stage of the pathogen is differentiated Thus, fruits infected late act as 
primary host organs and flowers and vegetative parts as secondary 
host organs 

D Undesirability of Sharp Discrimination between Vegetative and 
Reproductive Organs as Substrates for Pathogens 
Gaumann (1950) rightly points out that sexual organs are the best 
individualized organs of the plant body Tins mdividualiU refers not 
only to the morpho?og> and to the tissue characters of the reproductne 
organs, but also to the microenvironment tlie> offer, winch is peailiar 
and favorable to most patliogens, elective or not Furthermore, m annual 
plants and m cereals in particular, seeds are the organs which permit the 
nonpercnnating structures of the parasites to survive best Several exam- 
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pies lia%e already been given to show that the suitability of reproductive 
organs for pathogens is not uniform through the flower and fruit 

Many pathogens affecting fioweis, fruits, oi seeds are able to spom- 
late on or to infect certain rcpioductive organs only, such as stamens 
and pistils Among these pathogens arc some of the least specialized 
which are provided with the grossest symbiotic adjustments Electivity 
may be so strict that m some instances infection or sporulation can occur 
only on stamens, as, for example, Usttlago violacea and Botrytis antho- 
phila, or on stigmas and filaments, e g , Peronospora sttgrnaticola, or on 
peduncles, e g , Mijcostjrmx cissi Others are restricted to petals, e g , 
Peronospora corollae, seed funicles and placentae, as is the case for 
Usttlago dunaeana and Schroeteria spp Viennot-Bourgm (1953) distin- 
guished two types of floral galls mduced by the Ustilagmales In the first 
type, chlamydospores arise only in the stamens, the external flower 
verticiUia not showing evident anomalies In the second type, the 
whole of the floral organ, except stamens, participate m chlamydospore 
production 

Most parasites which overwinter as resting mycelium in viable seeds 
or fruits do not invade or injure the embryo, and Usttlago trttici, which 
invades the embryo is elective for the scutellum and the growing point 
region and does not penetrate into the radicle (Batts and Jeater, 1958) 
As stated above, even parasites showing a less high degree of parasitism 
may not behave indiscriminately toward the different parts of the flowers 
and fruits Ustilagtnoidea otrens does not affect stamens and pollen grains 
(Hashioka et al, 1951), and the filaments of the flowers of sour cherry 
are infected by Sclerotmia laxa (which displays poor electivity) only 
through wounds (Calavan and Keilt, 1948) 

All the organs of the flower are affected by Clavtceps purpurea, which 
parasitizes even the remnants of the glumes in heads invaded by 
Usttlago tritici, but C purpurea tends to form sclerotia, and consequently 
ergotamine and related compounds, only m the presence of the ovary 
(Cherewick, 1953) Tins is detached from the receptacle and remains 
at the apex of the developing sclerotium (Ramstad and Gjerstad, 1955) 
The foregoing examples suggest that many parasites are elective for 
single organs, and the activity of these pathogens is independent of the 
reproductixc activity of the host In some cases, however, infection is 
coordinated with the fertilization process Clavtceps purpurea commonl) 
infects wheat before, and Usttlago tntici after the fertilization of the 
ovTile 

Tlint tire activity of the pathogen is, in fact, independent of repro 
diictive activitv may he shovvn by espenmentation or through field 
oliserv.ation ti; demonstrating that green tissues, which are normally 
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not invaded or injured by the elective parasites considered here, are at 
least as subject to attack by these fungi as the reproductive organs Some 
conditions favor such fungi as Tilletta cartes T foetida, and Ustilago 
tritici to sporulate on vegetative organs (see Grasso, 1953 for literature), 
although these fungi usually manifest themselves m the inflorescence of 
wheat The greenhouse environment, the amputation of the inflorescence 
(Flor, 1932), and the mfection of Jemmas by Tnchothecmm roseum or 
Fusarium culmorum (Viennot Bourgin, 1953) — all favor this type of 
action Viennot-Bourgin (1937), therefore, thinks that the parasitic action 
of Ustilago ntida f sp tnUci makes it possible to approximate the Ustila- 
ginales localized in vegetative organs to the naked smuts, usually con- 
sidered specific for the inflorescences, and that a transition exists between 
the smuts sporulating on the ovaries on the flower involucres, and on 
leaves (Ustilago matjdis) (Viennot-Bourgm, 1953) 

The best known fructicolous fungi show similar aspects and the con 
elusion of Cherewick (1953) about Clavtceps purpurea is that ergot 
may develop not only on young ovaries but on any physiologiciII> young 
tissue of the wheat and barley plant 

Sometimes the behavior of the pathogen is more complex It changes, 
although the host organs and environmental conditions arc equivalent 
Maybe m these cases, the stage of the disease reveals its importance 
Wliy do some XJstilaginales, e g , Tilletta barclaijnna and T mdtea, soon 
sporulate in ovaries on which theu” wind borne conidin alight, whereas 
others, e g , Ustilago tritwi, sporulate only in the flowers tliey enter from 
adjacent vegetative tissues that are generally invaded? What changes 
does the host-parasite complex go through during the development of 
the infected wheat plant? 

Many parasites affecting reproduction enter the plant through its 
vegetative organs and can be controlled by protective fungicides or b\ 
the natural defenses of the host during the process of infection We might 
therefore, conclude that the behavior of the green parts of the plant is 
of e\en more interest tlian that of the reproductive parts on which tlic 
pathogens usually manifest themselves 

XU The Influence of RErnoDuenoN on the Aenvm oi 
Pathogens asd Disease nxmcssiON 

Tlic stimuli for the transition of the plant from the \ogctalnc to the 
flowering condition excite responses throughout the plant, and influence 
the plant in its cntiret> Tlierefore even in diseases not tsjiccnllv related 
to reproduction and to the organs direclK responsdilc for it rmtuntv 
and reproductive activitv often upset the equilibrium l>etw cen host and 
pathogen 
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In some cases, the flowermg plant overcomes its invaders, as m the 
case of root nodule bacteria on legumes More often, the reverse is true 
The attack of mature plants by rusts, the epidemic phase of Phtjtophthora 
tnfestans (Gramger, 1957), the leaf target spot stage of Alternaria solam, 
the Oidia as agents of “Alterskrankheiten,” all afford examples of micro 
organisms more or less favored in this way Genetic, seasonal, ecolog- 
ical, and nutritive factors, separately or in association, can also play a 
role in these changes of the physicochemical environment of host tissues 
Recently, Gramger (1957) has proposed an index for the interpretation 
of the differences in susceptibility of new sprouts, young plants, and 
mature potato plants to Phtjtophthora tnfestans This index indicates sus 
ceptibility or resistance according to its high or low value and consists 
of the ratio of the weight of total carbohydrates in the whole plant, Cp, 
divided by the residual dry weight of the shoot, Rg The ratio Cp H, has 
been usefully adapted by Grainger for other diseases as well The study 
of tissue factors, which are directly responsible for arrestmg the progress 
of infection or for allowing it to evolve into overt disease, is still in a 
most primitive state m animal and plant pathology (Dubos, 1954) 

It IS sufficient to conclude here that young vegetation may resist 
infection or keep it latent and be a “carrier' of disease, which becomes 
overt when the plant is mature In such cases, the behavior of tlie >oung 
plant can be opposed to that of the same plant when adult In these 
c«iscs, therefore, the determinants of the pathological process are not 
the infectious agents, but the physiological changes of the host plant 
at maturity 

From a verj different point of view, reproduction is a useful tool m 
checking the spread of and the economic effects of infectious diseases 
Vegetative propagation results in genetic uniformity. Fertilization, and 
ospccialU cross fertilization, by contrast, makes for genetic heterogeneity 
Stevens (1948), anab'zing disease damages in clonal and pollinated 
crops, found that disease was more frequent on the former than on the 
hltor and tint losses were least in cross-fcrtihzcd plants 

Mil RFrnoDucrivr OnoAss as Kpmious Aclvi^ 
Octasionalb, pollen grains arc harmful to luiman beings and injure 
vegetation, too Valleau (1949) demonstrated that the leaf blcaclung 
tobicco growing near c^om is caused hv com pollen on the tobacco 
plants Tlie reasons for this rt»sponse arc unknown 
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In some cases, the flowering plant overcomes its invaders, as in the 
case of root nodule bacteria on legumes More often, the reverse is true 
The attack of mature plants by rusts, the epidemic phase of Phijtophthoro 
infestans (Gramger, 1957), the leaf target spot stage of Alternana soJani, 
the Oidta as agents of “Alterskrankheiten,” all afford examples of micro 
organisms more or less favored m this way Genetic, seasonal, ecolog- 
ical, and nutritive factors, separately or in association, can also play a 
role in these changes of the physicochemical environment of host tissues 
Recently, Grainger (1957) has proposed an index for the interpretation 
of the differences in susceptibility of new sprouts, young plants, and 
mature potato plants to Phyfophthora mfestans This index mdicates sus 
ceptibihty or resistance according to its high or low value and consists 
of the ratio of the weight of total carbohydrates in the whole plant, Cp, 
divided by the residual dry weight of the shoot, R, Tlie ratio Cp Rs has 
been usefully adapted by Gramger for other diseases as well The stud) 
of tissue factors, which are directly responsible for arrestmg the progress 
of infection or for allowing it to evolve into overt disease, is still m a 
most primitive state m animal and plant pathology (Dubos, 1954) 

It IS sufficient to conclude here that young vegetation may resist 
infection or keep it latent and be a “carrier” of disease, which becomes 
overt when the plant is mature In such cases, the behavior of the young 
plant can be opposed to that of the same plant when adult In these 
cases, therefore, the determinants of the pathological process are not 
the infectious agents, but the physiological changes of the host plant 
at maturity 

From a \cry different point of view, reproduction is a useful tool in 
checking the spread of and the economic effects of infectious diseases 
Vegetative propagation results in genetic uniformity Fertilization, and 
cspecialh cross fertilization, by contrast, makes for genetic hcterogeneit) 
StcNcns (1948), analyzing disease damages m clonal and pollinated 
crops found that disease was more frequent on the former than on the 
latter and that losses were least in cross-fertilized plants 
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Nutrition of the host is one of the basic processes that is impaired by 
disease Plants are often starved by pathogens We may say that such 

plants suffer from hunger r v i 

Tlie plant suffers from hunger when rots destroy portions of the root 
so that uptake is reduced, when cankers or galls attack the stems so that 
transport of food is impaned, or when leaf spots eliminate the tissues 
that manufacture carbohydrates, ammo acids, and tlie like 

The most obvious gross symptom of starvation in the host is stunt- 
ing and dwarfing These symptoms result from the action of numerous 
pathogens of many types The fanner sees this m terms of lo« yields, 
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shriveled grain, and shrunken profits. Starvation of the host by a patho- 
gen may mean starvation of the farmer as well. And if many farmers 
are starved, the society that they feed may also starve. 

In this chapter we shall deal with the biochemical as well as other 
aspects of the starvation of tire cells in the tissues of the wheat leaf that 
is invaded by ?«ccmia gmmmis. In 1917, tliis fungus starved a lot of 
cells in a lot of wheat leaves in the wheat belt of the United States. This 
kept the starch from the growing grains, and this, in turn, starved a 
big nation during a big war. Famine was averted by promulgating 
wheatless days and by substituting maize for wheat in the diet. Thus, 
if the diseased plant hungers, the people may hunger. 

The most interesting scientific aspects of hunger in the host are con- 
cerned with the effects of obligate and semiobligate parasites in suscep- 
tible hosts. This chapter will be devoted primarily to examining how 
these organisms starve their hosts. 

The question of hunger will be given synthetic treatment without 
many bibliographical references. Among the works that I have been 
able to consult, I have chosen those which appeared to me to be most 
concerned with this particular theme about which in fact modern 
literature is not very rich. Many of the problems related to this chapter 
are also touched on in other chapters of this treatise such as Disease 
Losses, Growth Is Affected, Water Is Deficient, Respiration of the Host 
Is Altered, and Toxins. 

I. The Mechanism of Nutrition 
The green, autotrophic plant is capable of assimilating the substances 
which are necessary to its survival and its development directly in the 
form of inorganic elements. A continuous flow of water and salts con- 
taining nitrogen, phosphorus, potassium, sulfur, calcium, magnesium, 
etc. ascends through the vascular bundles from the roots to the leaves. 
Here the first carbohydrates, as well as the organic acids and the amino 
acids, are formed by photosynthesis. These are partly consumed to pro- 
duce energy, and partly condensed in different ways to build up pectic 
and cellulosic substances for the walls, fat and starch reserves, and 
proteins and nucleoproteins for the protoplasm and the nucleus, the 
living part of the cell. 

This perfect biochemical work is controlled by a large number of 
enzymes, or rather enzymatic systems, which, under normal conditions, 
regulate with an accurate and well balanced rhythm the whole chain 
of die transformations. Tliis varies from moment to moment with the 
needs, the age, and the specialization of the cell and with the variations 
of the medium in which it is living. Waste substances are formed which 
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are eliminated in various ways In this complicated procedure, the nu 
trition, with the uptake and organization into vital substances of new 
mineral elements, permits the repair of the necessary substances and, 
therefore the preservation of the vital rh> tlim It also permits the growth, 
the multiplication, and tlie reproduction of any organism, from the 
simplest to the most complex 

This recurrent cyclic rhythm is the essence of physiological hfe 
II The Meaning of 'Starved Host’ 

A Hunger Conceived as the Difficulty or Impossibility of Assimilating 
Definite Foods tn Definite Quantitative Ratios 

When the chain of the reactions which make up physiological life 
IS broken for whatever reason, we have a disease One of the fundamental 
aspects of disease is ‘hunger’ which represents an alimentary demand 
of the protoplasm which cannot be satisfied either quantitatively or 
qualitatively It is m this particular sense that we will understand hunger 
m the course of this chapter, otherwise, it would be a completely natural, 
if not necessary, phenomenon The pathological aspect of the problem 
thus resides m the impossibility to satisfy, or at least to satisfy adequately 
and in time, a deBnite need 

Because hunger is characteristic of the living cell, it occurs only in 
hosts that mamtain more or less prolonged relations of compatibility with 
a parasite This occurs only in hosts susceptible to maintaining obligate 
( Uredinales, Erysiphaceae, Peronosporaceae, virus) or semiobligate 
parasites, le, facultative saprophytes (Taphnnales Phytophthoraceae, 
Ustilaginales) 

The facultative parasites usually kill the cells before they consume 
them, on the other hand, in the hosts which are resistant to obligate 
parasites, a few ceils die rapidly around the parasite without having 
experienced hunger 

The type of integral hunger resulting from patliogenic defoliation 
by facultative parasites or by saprophytes is well kmoivn EvampJes of 
this are the grave damage produced by Cyclonium oleaginum to the olive 
tree, by Venturia to pear and apple trees, by Fumago to olive and citrus 
trees According to whether the defoliation is more or less severe and 
premature, either the crop only, or all the parts of the plant feel its 
effects in a more or less obvious way The plant consumes all its reserves 
m producing new leaves in the shortest possible time Tlie effects of a 
severe defoliation m perennial plants may be noted for several years 
Severe defoliation corresponds in a way' to the removaal of the stomach 
in an amiml This, too. is related to hunger, houever no one Ins e\er 
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dreamt of studying hunger in an animal deprived of its stomach, but 
rather in one whose stomach docs not work normally. So we will not 
discuss defoliation, however important for the farmer who often sees 
his crop, and sometimes the very life of his plants, endangered by it. 

On tlie other hand, in the case of tumors produced by Agrobacterium 
tumcfaciens, it is not the parasite tliat starves the plant directly but 
rather the neoplastic tissue tliat is the real parasite of the normal tissues. 
It grows completely at their expense. Wliile tlie metabolism of the 
“hyperfed” tumor tissues has been mucii investigated, it does not seem 
that the metabolism of the so-called "normal” tissues of the plant itself 
has been studied. Tliese are, however, the tissues most affected by the 
lack of nutrient substances, as is obvious from tlie great reduction in their 
size. 

We do not intend to treat in tliis chapter problems related to the 
disturbances of the mineral absorption due to parasitic molds (Rosellinia, 
ArmlUaria, Thielaoiopsis, Fusarium, bacteria, etc.) or to nonparasitic 
alterations of the absorption apparatus (asphyxia, excess of acidity, 
excess of salt concentration, etc.). We shall consider them briefly, how- 
ever, when we discuss the problem of the transport of substances inside 
the plant. 

The title of this chapter is "The Host Is Starved.” The discussion will 
be confined to the "hunger” produced by parasites; the host in foct 
implies the parasite. We will thus exclude from the discussion diseases 
due to lack of macro- or microelements in the soil, but we will, however, 
point to the fact that many of them (Cu, Fe, Zn, Mn, Mg. Mo, B, etc.) 
constitute, or are in some way an essential part of very important coen- 
zymes Thus, their total or partial lack can have the gravest consequences 
or the general metabolism of the cells, and, therefore, for their normal 
nutritive process. 


B. Some Characteristics of Hunger 
The intimate phenomena of hunger are felt at the cellular level: 
directly in the green assimilating cells, indirectly in non-green cells 
We shall study the hunger produced at the level of the living protoplasm, 
trymg to clarify as much as possible its various mechanisms. Food usage 
proceeds in the fundamental ways described above— that is, absorption, 
transport chlorophyllous synthesis and various biosyntheses which are 
derived from it, respiration as source of energy, and processes of redistri- 
bution of the elaborated substances. We shall study the mechanism of 
hunger in relation to these various aspects. 

It is, however, immediately necessary to distinguish two types of 
hunger: (a) real or direct hunger, that is, the total or partial lack of 
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nutrient substance, and (b) hunger due to the inability to assimilate. 
The latter is the most tragic and preoccupying. We shall see later that 
much of the nutrient material which should migrate into the non-green 
tissues, is taken up by the parasite in the invaded territory and that the 
aliquot which is not used by the parasite accumulates around the center 
of infection because the host is capable of assimilating only a very small 
part of it. 

This is why the real or direct hunger is felt not so much by the green 
tissues of the leaf which is invaded by the parasite as by those of the 
stem and especially those of the root, because both live on the material 
elaborated in the leaves and transported to them. 

More generally, we can say that the tissues which are invaded by 
the parasite suffer mostly from a ‘liunger arising from a difficulty in 
assimilating” whereas the tissues which are far from the center of infec- 
tion suffer rather from a "‘hunger arising from a lack of nutrient sub- 
stances.” This naturally does not exclude the possibility that tliere exist, 
at a distance, also processes of intoxication which make assimilation 
difficult. 

HI. Hunger Mechanisms at the Levix of the Host Cell 

According to what has been said above, three hunger mechanisms 
should be distinguished: (a) a direct mechanism, due to the plundering 
of nutrient substances by the parasite, (b) an indirect mechanism due 
to the effects of the intoxication caused by the toxins which are produced 
by the parasite or by the host as a defensive reaction, (c) an indirect 
mechanism due to the blocking or slowing do^vn of the transport, that 
is, the migration and distribution of the nutrient substances to various 
parts of the plant. 

However it is not easy, nor is it quite correct, to make a distinction 
bebveen a direct and an indirect mechanism of hunger, because no para- 
site exists which is not more or less paOiogcnic; that is, it is not possible 
to think of the parasite as a simple commensal who would be content to 
cat its plateful without having first forced in some way the m.istcr of the 
house, who has not invited him, to give it to him while depriving him^ 
self of it. And that is why it is not really proper to speak of a “host.’* 

Wc. should rather say "the attacked.” 

Tlic parasite cannot keep cveo-tlfing to itself. Like every’ other liWng 
organism, it has its owm exchange processes and must climin.ilc some- 
thing. It sometimes uses these waste products of its mctalwlism to oldigc 
the host to give it food; and thus the big problem of toxins and intoxic.i- 
tiofi aufom.itic.'illy .appe.irs. I^t us consider then tiu! the host d<v-s 
not rcm.iin inert, but that it tends to defend itself more or less rfiidcntly 
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against the aggressor In so doing, there often arises a formidable bio- 
chemical fight with toxic, that is, nonphysiological substances which more 
or less hinder the metabolism of the host and/or the parasite It follows 
that, if theoretically we can distinguish those two modes of generating 
hunger in the infected host, we must, however, note immediately that 
they are practically inseparable because they are not Uvo different things, 
but at most two moments of one and the same phenomenon 

In general, this treatise deals primarily with patliogenism rather 
than parasitism This means in general that the word patliogen is pre- 
ferred to parasite even though most parasites are pathogens 

In this chapter, however, parasite will be used freely Parasite is a 
term to describe mainly the food relation between the invader and 
its host In this chapter food is, in fact, the major item of concern, there- 
fore, parasite is the term to be used 

Hunger by intoxication can occur by blocking or slowing doun of 
any function taken as a whole (for example, photosynthesis) or of any 
fundamental enzymatic activity indispensable to the life of the proto 
plasm On the other hand, the blocking can be of importance either in 
itself, or by the unbalance which it causes in the normal activities of the 
cell We shall, therefore, try to distinguish the blocking or the slowing 
down of the functions by themselves from the alteration of the functional 
equilibria which they generate 

For these reasons, it seems natural to subdivide this question mto the 
four following mechanisms of hunger (a) alteration of the distributive 
processes and abnormal consumption of the metabolites, (b) inhibiting 
action on the production of the metabolites, (c) alteration of the func 
tional ratios and (d) blocking or malfunctioning of the translocative 
processes 

A Ahcratwn of the Distributive Processes of the Metabolites in 
the Host and Consumption by the Parasite 
At the basis of this mechanism he the modifications of cellular 
permeability produced by the parasite through its action on the function 
of the plasma membrane which regulates to a large extent the diffusion 
processes of the nutrient substances and their accumulation m the 
infected zones to the sole advantage of the parasite which uses them 
for its owTi development, while of course depriving the host of them 
We shall examine those two aspects of the phenomenon separately 

1 Alterations of the Cellular PermeahtUltj 

Tile modification of cellular permeability is extremely important m 
patliological processes It is xxell knowm that the plasma membrane 
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displays a special semipermeability which is not only regulated by 
the physical laws of osmosis, but is strongly influenced by the proto 
plasmic metabolism It is so true, that an mcrease m the mtensity of 
the respiration also generates an increase in the permeability and that 
the substances which mhibit or slow down the respiration also lower the 
permeability (Collander, 1957, Dawson and Danielh, 1952) It is knoivn, 
moreover, that permeability is regulated by enzymes which act in the 
outermost part of the cytoplasm, the plasma membrane (Rothstein, 
1954), which shows a special physical and chemical structure by which 
it differs from the rest of the cytoplasm The plasma membrane is formed 
by mtermixed proteins and lipids and it must be remembered tliat the 
modifications of its permeability, whether m a positive or negative sense, 
depend on the different activity of those enzymes which are stimulated 
or inhibited by the toxms of the parasite It can also be thought that 
these toxms act directly upon the permeability of the plasma membrane 

The now classic research of Thatcher {1939, 1942, 1943) usmg the 
protoplasmolytic method, has re emphasized the close relationship exist 
ing between susceptibility and increase m the permeability of the host 
cells 

He found, in particular, that the mesothetic reaction of Thatcher 
wheat to P grammis tnhct f 56 is in some ^vay or other related to the 
modifications of the permeability caused by the fungus Infection of the 
resistant type of wheat causes a decrease m the cellular permeability of 
the host, whereas, increase m the cellular permeability causes an infec 
tion of the susceptible type Thatcher has moreover observed tiiaf, by 
narcotizing Mmdum wheat, he could sensitize it to P grammis tritici 
f 36 and at the same time increase the cellular permeability of the host 
He obtamed similar results when studymg the attacks of Bofrytis cinerea 
and of Schrottma scleroUorum on the pebole of the leaves of celer>, and 
also with other diseases 

Gottlieb (1944) used tlie tracheal fluid, crude sap of tomato plants 
infected by Fusarium bulbigenmn var Jycopersici and obtamed an m 
crease m the permeability of the medullar cells of the tomato, while the 
sap extracted from plij siologically wilted tomato plants had no effect on 
the cells tliemselves 

It was noted by Humphrey and Dafrenoy (19-14) tliat parasitic rcli- 
tionships between oats and P coronata depend on the a^oulabdity of 
phosphorus in the intercellular spaces, in favor of the parasite, licnce. 
tlie probable hypothesis that cellular permeability of the host is increased 
by rust 

It IS suOlcicnt to recall here the investigations of Caiimann and Jaig 
(1947), Gauimnn r/ al (1932). Lmslcns (1953), and Z-dincr (1933) 
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on the stimulating action on cellular permeability everted by the purified 
toxins (fusaric acid, alternanc acid, lycomarasmin, etc ) obtained from 
cultures of various breeds of pathogenic fungi (especially riisartum and 
Alternaria) These investigations are concerned chiefly with the wiltmg 
of the leaves, that is, the loss of water, and, therefore, will be treated 
more extensively in Chapter 9 of this volume j 

From Thatcher’s experiments especially, it appears evident that the 
first act of the parasite is to open the door of the larder By doing this, 
it upsets more or less deeply the distributive economy of the nutrient 
substances It is the first step toward ‘hunger” for the host The osmotic 
pressure of the parasite, usually appreciably higher than that of the host, 
wins m this competition, and the parasite appropriates what is necessary 
to it On the other hand, the increased cellular permeability prevents 
or retards the establishment of an osmotic equilibrium which would 
restrict the flow of metabolites from the host to the parasite 

Because of this, one of the most characteristic aspects of the resistance 
IS, according to Thatcher, the decrease an cellular permeability, which 
of course dooms the few impermeabihzed cells, but promptly cuts down 
the food supply of the parasite 

2 Accumulatwn and Consumption of Nutrient Substances 
tn the Infected Zone 

During the first days of incubation, the action of the parasite on the 
susceptible host is practically always to stimulate the metabolism We 
shall see later that this stimulation is not uniform, that it, therefore, 
^ner^es unbalance between the main functions, but we note, however, 
that the mitial stimulation concerns the evolution and synthesis proc 
esses fragmentation of the vacuoles, evolution of the chondriosomes m 
?Q?o\ ’ ^ amyloplasts (Dufrenoy, 1928a, b, 

^ photosynthesis (Montemartmi 1904, Grecusnikov, 
1936, Sempio, 1946, 1950a) 

We have seen that, at the same tune, the permeabihty of the plasma 
membr^e increases and the parasite, especially fungus, begins to draw 
to Itself from the neighboring zone the substances which it uses to build 
up Its o\vn protoplasm 

'^erefore, the impoverishment m substances which are easily as- 
similated, that IS, true hunger proper, starts m the histological rmg which 
su^ounds the invaded cells and is made conspicuous by a lighter green 
^ respect to this, it is useful to recall that Mams, as early as 
1917, believed tint the halos which surround the rust pustules are 
starved zones,” as a consequence precisely of the removal of nutnent 
substances from the mvaded centers 
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The substances which the obhgate parasites seem to take up most 
avidly are the carbohydrates, they are most probably the mtermediate 
transitory compounds which enter the anabolic cycle of photosynthesis, 
as well as the catabohc cycle of glycolysis and are closely tied to the 
phosphorylation processes They could be, for example, glyceraldehyde, 
phosphoglyceric acid, dihydroxyacetone, oxalacetic acid, or also a pen- 
tose such as ribulose phosphate (Benson and Calvin, 1950, Vishniac, 


1955) 

liiese compounds, or others which we do not yet know, are evidently 
indispensable to the metabolism of the obhgate parasite, m the propor- 
bons and at the bme m which they are formed and are rapidly utilized 
m the autobophic host Otherwise, the failures recorded until now m 
the attempts to culbvate m vitro such parasites could not be explained, 
excepfang the posibve result obtamed recently by Hotson and Cutter 
(1951) with Gymnosporangtum lunipen virgmianae, which must, how- 
ever, be considered as a quite special case 

On the other hand, the possibility of growing the rusts on leaves or 
fragments of leaves floatmg m sugar solutions kept in the dark (Mams, 
1917, Waters, 1926, 1928, Trelease and Trelease, 1929, Sempio, 1942a) 
indicates that the life of these parasites is not of necessitj related to the 
luminous phase of the synthetic process, that is, to the fission of water 
and the fixabon of COj but rather to that phase of the carboh>drato 
metabolism which can take place also m the absence of light 

Other mvestigahons have pointed out tlie fact that darkness espe- 
cially in the ulbmate phase of the incubation, as well as the rcmoiil of 
CO., stops the development of the obligate parasites such as rusts, 
Oidia, and Pcronosporaccac (Gassner, 1927, Gassner and Slraib, 1928, 
Pohjakalho, 1932, Forward, 1932, Scmpio. 1938a, 1939) 

One of the most accurate and complete studies on the carboludratc 
balance m wheat infected by Enjsiphc grammis is tliat of Allen (1942) 
He worked with hfarquis and Axminstcr wheat, measuring with rigorous 
methods, during the whole period of dexelopment of tlic disease the 
sallies which are more or less directly related to the metabolism of the 
carbohydrates intensity of the respiration respirators quotient inten 
sity of tlie photosynthesis per mole of chlorophyll (ratio of the intensits 
of the photosynthesis to the chlorophyll content) saccharose, glucose 

and starch content of the leases . , , , , r i 

He was thus able to summarize the results of his analsses and of his 


calculations as shossai m Table f „ 

Seseral tilings can lie noted (a) Tlie photossaithcsis, imtialh sers 
high decreases rapidls until it reaches on the ninth or tenth das. a sers 
low IcscI (h) TIic respiration follosss a cunc of rapid increase, witli 
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Tabu I 


Ago of infection 
itv days 

0 

2 

4 

() 

7 

S 

9 

10 

11 

12 

Photosynthesis 

45 3 

43 0 

30 2 

19 9 

14 6 

G 7 

6 9 

4 4 

3 8 

3 0 

Respiration 

2 1 

3 0 

3 4 

8 6 

8 0 

5 4 

5 2 

5 3 

4 0 

2 9 

Balance 

43 2 

40 0 

26 8 

11 3 

6 G 

1 3 

1 7 

-0 9 

-0 2 

—0 1 

Carbohydrate 

1 7 

2 0 

5 0 

7 8 

3 7 

2 5 

2 2 

1 G 

1 5 

1 2 

Carbohydrate 

41 5 

3S 0 

21 8 

3 5 

2 8 

-1 2 

1 

o 

-2 5 

-1 7 

— 1 3 


available for 
export 


The figures in this table represent moles of carbon per unit w eight of leaf per daj 
The first two rows give the amounts of carbon synthesized and respired on successive 
days after inoculation The third is the excess of carbon sj nthcsized over that respired 
In the fourth row la given the amount of carbon found in the form of carbohydrate 
Subtracting this from the amount not respired gives the carbohydrate available for export 
on any given day, shown in the last row of figures ( From Allen, 1942 ) 

Table II 

Mfan Yield and Water Requirements ot Markton and Victoria Oats 
Infected with Pucctnta coronala aicnae at Different Stages of 
Develotment, in 


A Markton (Susceptible) 


Stage at initial 


Yield* of 


Water re- 

infection 

Gram (%) 

Straw (%) 

Roots (%) 

Total (%) 

qmrement (%) 

Sccdhng 

0 0 

35 2 

4 4 

22 7 

390 8 

Boot 

0 

50 0 

12 5 

33 1 

285 9 

Anthesis 

54 7 

88 0 

29 4 

72 0 

142 3 

Dough 

97 3 

101 1 

92 5 

99 0 

104 1 

Check 

100 0 

100 0 

100 0 

100 0 

100 0 


H Victoria (Resistant) 


Seedling 

52 5 

85 3 

45 3 

70 5 

139 0 

Boot 

G9 2 

90 6 

55 7 

79 3 

124 0 

Antho**!? 

81 7 

95 9 

80 3 

89 8 

109 8 

Dough 

98 3 

102 7 

99 0 

101 0 

99 0 

Check 

100 0 

100 0 

100 0 

100 0 

100 0 


“ From Mutphv, lQ3o 
‘ Percentage of that of ru-st-frie check 


a maximum corresponding to the sixth or seventh day. Then it decreases 
slowly, (c) Tlie carbon balance (the difference bettveen the assimilated 
and the respired CO-), which is very high in the first days, drops rapidly 
therealter and becomes negative on die tenth day. This is the “hunger 
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Table III 

Mean Yield and Water Requirement, per Jar of 15 Plants, of Pure Line 
Selections of Markton and Bond Oats Gror n in the Green- 
house AND Infected rith Phtsiologic Form 7 of Puccima coronaia 
atenac at Different Stages of De\elopment in 1933“ 


A Markton (Susceptible) 


Stage at 
initial 
infection 

Soil 

moisture 

(percentage 

of 

saturation) 

Average weight (m grams) 

Average 

Grain 

Straw 

Roots 

Total 

water 

require- 

ment 

Seedling 

85 

0 5 

30 8 

3 I 

34 4 

527 


50 

5 

27 7 

2 7 

30 8 

344 

Boot 

85 

5 7 

44 6 

6 3 

56 G 

494 


50 

4 5 

40 4 

5 7 

50 0 

263 

Anthesis 

85 

14 6 

60 7 

11 0 

86 3 

335 


50 

10 2 

47 0 

8 7 

65 9 

196 

Check 

85 

23 8 

68 4 

14 2 

106 4 

209 


50 

15 7 

54 5 

n 1 

81 3 

166 


B Bond (Nearlj immune) 


Seedling 

85 

19 0 

59 4 

14 4 

93 4 

302 

50 

14 3 

41 8 

10 5 

bC C 

227 

Boot 

85 

20 1 

61 5 

15 1 

96 7 

290 


50 

15 9 

45 9 

13 3 

75 1 

220 

Anthesis 

85 

21 8 

64 5 

15 8 

102 1 

290 


50 

18 0 

47 7 

14 1 

79 8 

221 

Check 

85 

22 8 

65 6 

15 8 

104 2 

285 


50 

18 4 

50 4 

14 8 

83 6 

214 


“ From Murphj 1935 


for carbon” which is deeply fell in the tissues invaded by the parasite, 
or better, in those immediately adjacent (d) The sum of the carbo 
hydrates recuperated in the tissues (saccharose + glucose + starch) 
more or less follows the pace of the respiration with a maximum peak on 
the sixth day and tlien a drop to the initial value (e) The carbohydrates 
available for export, especially to the stem and the roots, are alreadi 
very much reduced by the SLXtli day and from the eighth day on tlie> 
even show negaUve values And this is the mechanism by iihicli hunger 
extends to the organs of the host which are far from tlie infected tissues 
that is, to the zones of growth of the stem, roots, llo_wers, and fruits 
At tins point, results obtamed by Muiphy (193o) on the effects of 
Tuccima coronata avenae on tlie dexclopment of the xarious puts of 
oat plants belonging to varieties differently resistant to the fungus should 
E)e reported ((S Tables If and III) 
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It is obvious that the more intense and precocious the attack, the 
more severe the losses. But the important pcynt to note is that the worst 
effects of hunger are felt by the fruits and by the roots: the fruits can 
even be missing and the roots be so reduced (even to 5 to 10% of their 
normal size) that they are able to carry out for only a very small part 
their function of absorption and of mineral nutrition of the plant. A 
drastic reduction in the size of the plant follows ( to one-quarter or one- 
fifth of the normal size) and a deep modification of the proportions of 
its various organs ensues. Hunger is extended to the whole plant. 

Allen (1942) made other observations which are of importance for 
us. At the time of the maximum peak in respiration, which coincides witli 
the maximum vegetative development of the parasite, not only are the 
maximum peaks for the soluble carbohydrates (saccharose and glucose) 
registered, but unusual granules of starch (detectable with IKI) appear 
m the chloroplasts of the mesophyll, under or around the Oidium colonies, 
and then later disappear. This means that the parasite draws to itself the 
major part of the carbohydrates available to the leaf to the extent that, 
exactly at the moment of maximum consumption of soluble sugars, for 
a great part respired, the fungus still succeeds in building up transitory 
reserves of starch which will be hydrolyzed and used by the parasite in 
the ultimate phase of the disease (development of conidia). 

After the starch has disappeared, small green spots appear under the 
Oidium colonies (this is a well-known phenomenon); they are clearly 
con^asted against the yellowish background of the rest of the leaf 
lamina. At this point, the carbohydrates in the leaves are completely 
consumed and none can be produced any more because the chloroplasts 
are destroyed and those which are formed again do not seem to be 
efficient. On the other hand, the respiratory quotient drops notably below 
the norrnal value; this proves that substances other than carbohydrates 
are respired, probably fats, and most probably the proteins of the cyto- 
plasm themselves. The cells of the host consume the last reserves and 
then die, but the obligate parasite has already succeeded in forming and 
scattering innumerable conidia. 

It does not seem to me that an investigation as accurate as this has 
been carried out on the consumption of nitrogenous substances, and in 
particular of ammo acids. Hmvever, there is a second work by Murphy 
(1936) which reports sufficiently extensive analytical data concerning the 
effect of Pticcinia coronata avenae on the chemical composition of oat 
varieties diversely susceptible to the attack of this fungus. Table IV 
reproduces these results. 

Generally speaking. Table IV shows that the more susceptible the 
variety, the stronger is the attack, the more the ash and the soluble nitrog- 
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enous compounds (ammoniacal, nitric, and amidic nitrogen) increase 
in percentage, whereas the insoluble nitrogen (mostly protein) is affected 
by only very moderate increases. Tlie increase in ash and in soluble 


nitrogen must not seem surprising because the strong transpiration, stim- 
ulated by the attack of the parasite and by the increased cellular perme- 
ability, causes the accumulation of these substances which cannot be 
utilized but for a very small part, because of the scarcity or even the 
lack of carbohydrates with which to combine. In fact, beside the increase 
in ash and in nitrogenous compounds, Murphy also recorded a very 
definite drop in the carbohydrates. 

On the other hand, it must be noted, especially for the nitrogenous 
compounds, that this is an increase in percentage, not a total increase, 
it has been seen already how a strong reduction in size, weight, and 
yield can be brought about by a severe parasitic attack. 

Caldwell et al (1934) came to similar conclusions by studying the 
effect of the attack of P triticina on the crop, the physical characteristics, 
and the chemical composition of the autumnal wheats. 

Novikoff (1937), experimenting with the rust of lucern {Uromyces 
striatus), has encountered m the infected plants a notable decrease in 
the carbohydrates, in protein and nonprotem nitrogen, as well as in 
cellulose (to which, however, correspond increased proportions of hemi- 
cellulose) 


In the Golden Rain variety of oats infected by P. coronifera, Kokin 
and Toumarmson (1934) found a decrease in the photosynthesis, m the 
c orophyll, soluble carbohydrate, and protein contents which was pro- 
portional to the intensity of the attack. Correspondingly, they noted a 
drop of about 30% in the yield of grain. 

infected by Fuccinia helianthi, Yarwood and 
umid (1938) have shown that, whereas the dry weight (per unit of 
surtace) of the infected leaves increases notably with respect to healthy 
leaves (up to 30 to 40%), the total weight of the diseased plant (exclud- 
ing the root) is about half that of the healthy plant. 

There IS thus a sharp contrast between the local effect and the 
general effect, due to the alteration caused by the parasite in the distri- 
bution ot the nutrient substances 


Concerning the starving action of viruses, in the sense of subtraction 
o substances necessary to the metabolism of the host, we have very 
signiBcant recent data Wildman et al. (1949) proved that the virus 
protein of tob,icco mos,iic is synthesized, in tile Turkish and Havana 
y.ineties .It the expense of the normal nucleoproteins of the host cells. 
In tact, tile increase in vims protein in the infected tissues corresponds 
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to a parallel decrease in normal nucleoproteins About the twelfth day 
following inoculation, some sort of equilibrium is established and no 
further increase in virus protein can be observed TJie results obtained 
by Commoner and Dietz (1952) are of the same order, they have 
observed that the period of most intense synthesis of the virus protein of 
the tobacco mosaic corresponds to the maximum deficiency in nonprotein 
nitrogen in the tissues In those cases, the striking pathological fact thus 
seems to be tlie appropriation of nutrient substances by the pathogenic 
agent (virus) and the consequent undernourishment of the host cell, 
especially m nitrogenous compounds 

Most interesting also m this respect are the results of Fuchs and 
Roliringer (1955) who recorded the disappearance of various ammo 
acids — principally leucine, histidine, and often also asparagine and iso 
leucine — from leaves of Marquis and of Vernal wheat inoculated 7 days 
earlier with P gramtms trttici 

An example of disturbed distribution of the metals in the host, due 
to the chelating action of the toxins produced by the parasite is given 
by the studies of Gaumann and his school (Deuel, 1954, Gaumann et al, 
1955, Gaumann and Naef Roth, 1954, 1956) on the nature and the 
mechanism of the action of the substances produced in vitro by Fusanum 
lycoperstci, which causes the wilting of the tomato Kern (1956), in n 
syndetic review of the work summarizes this peculiar action in the 
following manner Toxins may also act by formation of chelate com 
plexes with metals When lycomarasmm (a dipeptide produced by F 
hjcopersici) is applied to tomato cuttings it forms water soluble iron 
complexes m the stem The complexes are earned into the leaves where 
part of the iron is liberated again Lycomarasmm therefore, causes iron 
deficiency m the stem and iron excess m the leaves Application of the 
equimolar lycomarasmm iron complex causes a heavier intoxication 
because additional iron is introduced into the plant, application of the 
stable equimolar lycomarasmm copper complex causes much less intoxi 
cation because most lycomarasmm molecules are blocked by the copper 
It thus seems to consist m a grave disorder m the normal process of the 
distribution of the iron between the various parts of the plant the stem 
suffers a “hunger for iron” because the toxm takes it away from the 
stem and discharges it into the leaf where, on the contrary, the detri 
mental effects of its excess are felt 

As a conclusion to this paragraph, we shall recall the recent results 
obtained b> Shaw cf al (1954) and Shaw and Samborski (1956a) with 
radioactive isotopes 

The\ used m phosphates, and C» in various sucars, and found that 
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in the case of obligate parasites {P. graminis and E. graminis on wheat 
and on barley, P. helianthi on sunflower), the radioactive elements gather 
for a great part around the infected zones (under the Oidium colonies 
and around the rust pustules), obviously in response to an imperative 
demand from the parasite. The phenomenon is much more marked in 
the susceptible hosts than in the resistant hosts. A clear halo of starch 
around the urediniosori has also been noted. 

In the case of facultative parasites {Botrytis sp. on bean, Helmintho- 
sporium on wheat) which normally kill the tissues before invading them, 
these authors have, on the contrary, observed that the infected zones are 
less radioactive than the healthy ones, thus confirming that the attraction 
and accumulation from the noninfected zones to the affected ones 
can only take place if the invaded cells remain alive and in active 
metabolism. The results obtained with facultative parasites are com- 
pletely similar to those obtained with healthy tissues mechanically 
wounded: the damaged zones are less radioactive than the normal ones 
This confirms the fact that hunger, xmderstood as faulty distribution and 
waste of nutrient substances, can occur only on the condition that the 
cells remain alive. 

Shaw et aL (1954, 1956a) have formulated the hypothesis that one or 
more substances secreted by the parasite diffuse radially into the sur- 
rounding zone and that tlieir concentration determines and regulates the 
more or less pronounced recall of the metabolites into the infected zone. 
It seems logical to think that this action consists mainly in increasing the 
Cellular permeability. 

In a subsequent work, Shaw and Samborski (1956b) reported that, 
m Little Club and in Kapli wheat infected with P. graminis 15B, the 
accumulation of radioactive glucose is proportional to the increase in 
respiration, especially so in the susceptible host. 

larwood (1955) also obtained similar results by working with radio- 
active sulfur phosphorus, and carbon on more than 20 complexes con- 
stituted for the most part by obligate parasites. By immersing one of the 
lirst leaves of a young bean plant in a radioactive solution (P”), he 
obscr\'cd that the radioactive compounds were attracted in great quan- 
tity in that half of the opposite leaf which he had previously infected 
with Uronir/ccs appcndiculotus. Tlic quantitative ratio behveen the radio- 
? of the leaf (noninfected : infected) was 

1: i870 m favor of Uic infected part. Tlie example is ver>' significant 
bewtiso it shows how powerful an attraction the parasite exerts even at 
a distance. It is thus clear that an intense and rapid flow' of nutrient 
substances is established toward the infected part even from relatively 
reinole zones which, llicrcforc. remain undernourished and star\*ed. 
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B Inhibiting Action on the Production of Nutrient Substances 


1 Blocking or Slackening of Photosynthesis 

We have already treated this problem when reporting on Allens 
experiments (1942) The gradual decrease in photosynthesis from the 
start to the end of the experiment has been noted from the pomt of view 
of the impossibility of compensatmg adequately the losses, mainly of 
carbohydrates, due to the suction and to the destruction wrought by the 


parasite 

We must remark on the fact that as early as 1904 Montemartim had 
pomted out, for some groups of Uredinales (Aecidium), the gradual 
attenuation of the photosynthesis and the intensification of respiration 
in diseased leaves Later, Grecusnikov (1936), experimenting with the 
complex oats Puccima coromfera reached similar conclusions a gradual 
decrease m the photosynthesis and an mcrease in the respuation 

Sempio (1946) followed the photosynthesis in the first leaf of young 
wheat plants heavily mfected by Erysiphe gramims from the beginning 
to the end of the development of tlie infection and made a parallel study 
on the healthy plant He noticed that the fixation of CO 2 decreases even 
if irregularly as we shall see later down to 30 to 40* of the normal values 
while the respiration is extremely high 

Kuprevicz (1947) reports for various rusts a more or less notable 
reduction m the photosynthesis usually around 50* of the normal value 
This IS always related to a decrease m the chlorophyll content He ob 
served that the reductions from normal values were greater m the mom 
mg than m the evening An extensive and rapid destruction of chloro 
phyll has been observed also by Braun (1937) in the chlorotic halo which 
surrounds the points of infection of tobacco by Pseudomonas tabaci the 


agent of wildfire , , , , it 

The depression or even the blocking of the photosynthesis in the dis 
eased plants is thus a general phenomenon Accordmg to Allen (1942) 
It IS closely related to two causes (a) to the destruction of the chloro 
phyll as the chlorotic color of the diseased tissue clearly shmvs and (b) 
to the decreased efficiency of the photosynthesis per mole of chlorophyll 

especially when the disease IS m an advanred stage 

Tlie importance of the total or partial blocking of the photosymthesis 
m the nutritive economy of an autotrophic plant needs no further 


comment 


2 Action of Antimctabohtes and B/ockrng of Enzymes 

The best known and most characteristic case of this particular type 
of hunger is tliat illustrated m the studies by Braun (1930, 19oo) and 
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Woolley et al (1952, 1955) on the toxin of wildfire of tobacco The> 
have isolated and purified from a culture of Pseudomonas tabaci a toxin 
which reproduces exactly the symptoms of the disease on the tobacco 
leaves, that is, the typical chlorotic halo The toxin has a structure similar 
to that of methionine, and behaves as an antimetabolite for methionine 
These authors succeeded in oblammg die evidence of this competitive 
action only in liquid cultures of Chlorella by addmg to the culture a dose 
of methionine proportional to the dose of purified toxm, the toxic effect 
of the latter disappears 

They have, however, not been able imtil now to reproduce the 
phenomenon on the tobacco leaves, with which they succeeded only in 
obtammg the reproduction of the symptoms by inoculatmg the purified 
toxm If it IS possible to prove, as seems probable, that the toxin of wild 
fire behaves as an antimetabohte of methionme also m tobacco, we shall 
have a classic example of “hunger tiirough competitive action ” It is well 
Imown that methionine is one of the most important ammo acids of the 
protein metabolism Tlie competitive action of the antimetabohte (the 
to\m) would consist in appropriating the enzymatic system necessary 
for tile biosynthesis or the subsequent metabolism of metliionine, tlws 
creating a hunger for methionme” 

Now tliat many mvestigators have focused their attention on the 
nature and tlie mechanism of die acbon of die toxms and are worhing 
s>stematic'ill> m tins field, it is easy to forecast that they will discover 
many tOMc actions of the type already described, consisting precisely 
m the mhibilion of the biosynthesis or the later uUhzation of metabohles 
which arc fundamental m die vital economy of the host, through bloch* 
mg and competitive appropriation of enzymatic systems Thus, they viH 
clarii) man) types of starvation 


A case which is as well known m the literature, but complelch 
rJ,^crscd_.nsofar as .1 .5 a case of ‘liunger m tllo parasite ’ instead of 
lie liost- ind ssliicli is reported licre only by analogy, is tint discovered 
In Ilisscbraul, ( 1952 ) and later confirmed by various authors, on ll'e 
. lit igonistic action of the sulfa drugs as regards the utilization of PABA 
the rusts of rercals Tlio sulfa drugs, administered tliroiigli tlie roots 
fnl'oite of the pbanls. inhibit the development of the 
n « 1 of «>c sulfa drugs disappears and tlie 

mst develops if an adequate dose of PABA is administered to llie plant 
Tlie bioclitinical process is the same, but m tins ease it is the parasite 
winch IS stmed 


paring I be process of infection, ammo acids vvliicli .ire most nn 
ixirt iiit for 111! mclaliolisiii of tlicplant mav dis ippe ir W\ have .ilri idv 
recilled the rrcvnt clirornalograpliic investigations of I'liclis .ind Ilol' 
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ringer (1955) on young plants of Marquis and of Vernal wheat infected 
by P. graminis tritici 126A. The disappearance (in both varieties of 
wheat) of various substances which react positively with ninhydrin, and 
among these mostly histidine, leucme, and often isoleucine and aspar- 
agine, seems to indicate, rather than a direct utilization of these sub- 
stances by the parasite, a different orientation of the nitrogen metabolism 
of the plant under the stimulation of the toxins or the enzymes produced 
by the parasite. 

It is logical to think this, especially in view of other recent studies 
which have confirmed, with the help of refined cytochemical tech- 
niques, the production of enzymes by the haustoria of fungi. Atkin- 
son and Shaw (1955) have demonstrated precisely the presence of 
notable concentrations of acid phosphatase inside and around the haus- 
toria of Erysiphe graminis in the epidermal cells of barley. The authors 
think that acid phosphatase plays a fundamental role in the transfer 
process of the metabolites, especially carbohydrates, from the cytoplasm 
of the host to that of the parasite; but it must be admitted that these 
enzymes have a deep influence on the whole enzymatic frame of the 
host cell. Besides, the oases illustrating the stimulating acUon of the 
parasite on various enzymatic complexes of the host, especially of the 
group of the oxidases, are now sufficiently numerous. 


C. Alterations of the Functional Relations 
In a few works, Sempio (1942c, 1946, 1950a, b) and Ottolenghi et al. 
(1953) have pointed out the importance of the intensity ratios between 
the various functions of the diseased plant, not only as one of the ele- 
ments which enable us to understand better the pathological process, 
but also as one of the many mechanisms which the plant uses to defend 
itself against the attacks of the parasite Of course we shall see here 
only thtse aspects of the problem which are related to the question o 
staLtiou of the host. It will be necessary, however, to go somewhat 
deeply into a few questions which will be treated more extensively in 
Chapter 10 of this volume. 

1. Alteration of the Ratio Photosynthesis : Respiration 

xr 1 rti„! 110041 and Grecusnikov (1936) have encountered a 
shor'^ “Ze'fxchitl™ of the photos,mdiesis at the beginning of 
hrinfection in plants attacked by rusts (the former, Aoc.dnan, the 
atter Puccinia eLfera). The photosynlhetic activity then drops >-ap.dly. 
while the respiration tends to increase more and more as the infection 

'’Tllet^ (1942) graphs of the metabolism of powdery mildew of wheat. 
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where he compares directly the course of photosynthesis in diseased 
plants and in healthy ones (Figs 7, 10, 13), show clearly that in the 
3 or 4 first days of incubation, the photosynthesis of the diseased plant 
IS excited with respect to the normal value Then it decreases rather 
rapidly, according to the degree of mfection, to values about one third 
to one fourth of the normal ones The more severe the attack, the more 
rapid and mtense is the decrease Other graphs show that respiration 
mcreases rapidly m diseased plants to a maximum around the eighth 
day After that, respiration decreases rapidly 

Allen has purposely carried out an investigation in an absolute sense 
which would enable him to construct the carbon balance Sempio (1946 
and 1950a), on the contrary, workmg also with powdery mildew on 


Table V 

Photosvntiietic Activitt of Leaves of Virqilio Wheat 
Infected bt Oidtum montlotdes ^ 


Number 
of days 
after 

Temper- 
Weather ature 

Dura- 

tion 

of 

Milligrams CO2 fixed 
by 1 gm dry matter 
m 10 liters of air^ 

COj fixation by 
infected plants 
if value of 100 

inocula 

tion 

CC) 

ment 
(in hours) 

Healthy Infected 
leaves leaves 

18 given to 
healthy plants 

First leaf 


Clear 1&-22 

Cloudy 15 16 

Clear 13 17 

Clear 14-20 

Cloudy le 20 

Clear 16-23 

second leaves 

1 Clear 21-27 

S'* Clear 19 29 

5* Cloud) 17-20 

7' Clear 14 26 

10 Cloudy 17 21 

12 Clear 12-22 


“ From Sempio 1940 igsoa 


2 

4* 

6 <» 

8 * 

11 / 

14 

First and 


6 30 

6 30 

7 30 

8 00 
6 30 
4 15 


G 30 
7 00 
7 00 
7 15 

6 15 

7 45 


24 07 
20 65 
27 05 

19 30 
17 88 

20 07 


5 96 
8 47 
7 08 
7 56 
30 90 
22 55 


41 26 
24 30 
18 07 
26 76 
22 03 
9 19 


8 88 
7 94 
13 76 
11 10 
29 30 
3 22 


171 2 
117 7 
66 7 
138 7 
123 2 
45 7 


149 0 

93 7 
194 4 
146 8 

94 S 
14 3 


»Itcr rf thn r,''"; 10 12 d'.J'S 

* Ilaustona 


' Mvccluim nml himloria ncll developed 
' Conidioptiorca and conidia formed 
' Conid.a abundant, disease attack scacrc 
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wheat, collected relative data systematically keeping m mind an ultimate 
comparison of the functions of diseased and healthy plants of the same 
age, variety, and cultural conditions He was thus able to express con- 
stantly the data obtained with the diseased plant, during the complete 
cycle of the disease, as percentages of those obtained with the healthy 
plant. This permits a demonstration of the extraordinary imbalance which 
the pathogen produces in the normal functional relations of the host 
plant, whether in the incubation cycle or durmg the period when there 
are exterior manifestations of the disease. In Tables V and VI, the experi- 
mental data on the photosynthesis and the respiration fn relation ^vith 
the degree of development of the disease are reported. 

From these experiments, and especially from the percentile values 
(last column), it appears that the fixation of carbon is markedly greater 
than normal during the first 2 to 3 days of the incubation, that is, at the 


Table VI 


RBSKRATroN OF LEAVES OF ViROttio WHEAT Infectsd bt Oidtum mcmtlotdes^ 


Number 
of days 
after 

inoculation 

Tempera- 

ture 

(“C) . 

Ratio of 
fresh weight to 
dry weight 
(mean value in %) 

Average value* 
of Qoj 

Respiration of 
infected plants 
if value of 100 

IS given to 

Healthy 

Infected 

Healthy 

Infected 


First leaf 

2 

24 6 

9 0 

9 2 

I 73 

2 00 

119 1 

4‘ 

23 1 

9 7 

9 5 

0 90 

1 18 

131 1 

e-* 

23 5 

8 7 

9 6 

1 15 

2 04 

178 2 

8* 

24 6 

8 7 

9 3 

1 20 

3 40 

283 3 

IN 

24 6 

8 7 

10 6 

0 86 

3 73 

433 7 

14 

23 8 

9 0 

10 2 

0 81 

3 09 

382 1 



24 g 

11 9 

11 3 

1 65 

2 07 

124 8 



10 9 

11 5 

1 61 

2 97 

184 0 


23 8 

9 5 

11 2 

1 23 

3 94 

319 7 


24 4 

9 8 

10 5 

1 29 

4 00 

309 7 


24 4 

10 7 

11 0 

i 25 

3 62 

290 0 

12 

24 4 

10 0 

11 8 

1 22 

3 IS 

260 0 


“ From Sempio, 1946, lOSOa , , i-, 

‘Respiration -nas determined bj the Warburg micromanometnc method Qo. « 
mm * of Oj absorbed by 1 mg dry matter in 1 hr 

« Haustoria „ . , i 

^ Numerous haustoria and m 3 ceUum well deveiopeu. 

• Conidiophores and comdia formed. 

/ Comdia abundant, disease attack severe 
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moment of the implantation of the first haustoria, then it decreases below 
the normal value and increases agam above it at the time of the differ 
entiation of the conidiophores and conidia, at the end, it decreases delin 
itely to very low values 

Respiration, on the contrary, at first only slightly excited, rises rapidly 
at the time of the differentiation of the conidiophores, with a maximum 
peak 3 to 4 times the normal value, then it decreases rather slowly, 
remammg however, at least within the limits of the experiment, much 
higher than is normal 

If we now calculate the ratio of the percentile values (the normal 
values being taken as 1) of photosynthesis to respiration, we note that, 
at the beginning this ratio is markedly higher than 1 (1712 1191 = 
145), whereas it later drops gradually to values near 0 (457 3821 = 
012 ) 


The marked initial stimulation of photosynthesis during the first phase 
of the infection — for which tlie ratio of photosynthesis to respiration rises 
markedly above the normal value — is considered by Sempio (1946, 
1950a, b) as a defensive reaction of the host, because the plants, which 
are put in the dark during the first phase of the mcubation, are usually 
more heavil> affected than the controls which are left in normal light 
(Scmpio. 1939) 

Sempio believes that tins imbalance between anabolism and catabo 
lism, that is, between synthesis and breakdown, or agam between endo 
craic and exothermic reaction, has consequences, not only for the 
S of material (breakdown without reconstruction) but also 
and above all, in tlie field of energy As far as we can understand, the 
parasite stimulates precisely the respiratory processes so as to obtain 
ic ener^ neccssaiy to tlie synthesis of its own protoplasm, and we shah 
set this belter in what follows 

On thu other hand it seems obvious that the host is not able to 
Ml excess calories from respiration because, as 
/U!cn ( 194«) Sliaw ct al (1954) and Shaw and Samborski (1956a) 

Shown starch accumulates around the infected zones while the invaded 
WHS arc alrcadv m a state of irreversible undernourishment In all proba 
hnu>, the a^imulation of starch is also related to the disappearance 
f ammo acids, as the work by ruchs and Rohrinqcr 

( 19oo) has showai According to this work, the fraction of sugars wlndi 

llicn of prolnn^, if nol iili!i?cd. would nccumuhlo m tlic fonn of rc<rnc 
darc i winch Ihe pirnwlo woidd hler ..so for its o.™ needs m -nercs 
Mit.lK.hsm IS an .mmt.m.plcd chain of rcict.ons closch inttrile 
ixm.icnt, thin fore, the ■hiingcr for ammo acids" can In.c as a conso 
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quence the nonutilization and the accumulation of carbohydrates flochcd 
from the surrounding zones, and vice versa In the histological territorr 
invaded by the parasite, the type of ‘Tiunger amidst abundance’ which 
we mentioned at the beginning of this chapter is thus verified 


2 Alteration of the Ratio Glycolysis Respiration 

This problem has been a subject of interest and discussion in 
recent years, especially m the numerous investigations earned out to 
discover the physiological reasons and the biochemical mechanisms of 
the great increase m respiration dunng pathogenesis 

Sempio (1942c) has noticed that during tile period of incubation of 
the bean rust (Uromyces appendiculatus), the respiration rises mark- 
edly above the normal value (2 to 3 times), while the glycolysis (eiolu 
tion of CO, m anaerobiosis) shows only slight increases or even 
decreases Similar data, if less clear cut, were found with the disease 
of lettuce caused by Brcmta lactucae 

With the powdery mildew of wheat caused by L grammts (Sempio 
1946), the eaporimental results arc even more significant respiration 
rises rapidly to 3 to 4 times the normal value, while glycol) sis after a 
slight initial stimulation, drops gradualK to rather Io» values in com 
parison with the healthy plant (around 5(K) In a successive work 
{1950a) Sempio emphasized this striking displacement of the func 
tional equilibria in the infected plant, noting that at the end of the period 
of incubation the contrast between the increase m respiration and the 
decrease in glycolysis is very strong m comparison with the healtliv 

^'^Tahlo VII reports on the glycolysis tests made on wheat attacked In 
Oulmm Tlie comparison of these data with those obtained for respira 
tinn (Table VI) shows the marked imbalances which tom ther with 
those ahead, reported on the ratio of pl.otosvaitlmsis to respirition give 
a picture of the functional disturbances prodiie^ bv the parasite in the 
tissues of the host and thus also of the possible inimcdiite r.percai. 


sions on the nntntnc processes 

Allen (1953 lOSl) taking Scmp.os chti as a startmc pent and 
assummq lint Uic respirators quohent is pracMc^jII. cqn , to 1 notice.! 
lint from ll.e ratio of the CO esoUed in anaerobiosis and in acrobios.s 


I 


Qo 


the inliibition of llie F.isltiir tfftcl 
txamiinlion of tin* ' dins obtain. d 
tint nsinlK iirouiul tbe sixth tlix 
difTtrintntion of tb. conuhopbortx 


jpptaml .\id.nl In f ict from the 
with \ ircdio win It It can i»m 
ifl.r inoctil ition— lb it i< wlitn lb. 
slartx-tb. ratio 
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Qco» Qco* 

drops below 033, which is the minimum value for which the Pasteur 
effect still operates In healthy leaves, on the contrary, this effect is 
always largely secured 

Allen presented the possibility that toxins diffusing into the tissues 
of the host inhibit the Pasteur effect by uncouplmg the processes of 
oxidation and phosphorylation, thus permitting an uncontrolled increase 
m the respiration It is known in fact that m the normal respiration, the 
oxidative processes are always coupled with those of the phosphoryla 
tion, so that the latter constitute a sort of control and limitation of the 
former, that is, a physiologically economical limitation 

The toxin of the pathogen acts perhaps, in the same way as some 
stimulants of the respiration such as, for example, DNP in small doses 
(10 ® M) Thus, it would have an uncoupling action on the two activities 


Table VII 

Glycoiysi's Leaves op Viroilio and Mevtana Wheat 


Number of 
da) 6 after 
inoculation 

Temperv 

turc 

("C) _ 

Ratio of 
fresh weight to 
dry weight 
(mean value in %) 

Average valuc*^ 

Glj colysis of 
infected plants 
if value of lOO 

13 given to 
healthj plants 



Healthj 

Infected 

Healthy 

Infected 

Virpho— second leaf 

2 24 5 

11 7 

11 2 

0 95 

1 17 

123 0 


24 5 

10 G 

10 8 

1 07 

1 16 

108 7 


24 4 

11 8 

11 7 

1 05 

0 83 

79 3 

11/ 

14 


10 7 

12 3 

0 8G 

0 60 

70 6 


11 1 

11 4 

1 01 

0 65 

62 1 


11 i 

13 5 

0 SO 

0 45 

55 9 

Mnilmia first Icnf 

1 2-. 1 

s m 

9 JS 

0 GO 

0 82 

123 9 



n 01 

9 12 

0 GS 

0 73 

107 5 



8 'll 

9 23 

0 74 

0 72 

95 9 




8 90 

0 GO 

0 C3 

100 0 

11/ 


8 50 

9 19 

0 71 

0 01 

87 0 




9 93 

0 85 

0 58 

GS 2 

• 1 nun S 

mpio 

l‘)5(h 
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and would remove the natural restramt from tlie oxidative processes of 
the host This would result m the exceptional and pathological consump 
tion of O , and consequently in the blocking of the Pasteur effect whicli 
consists precisely in stopping or slowing down the glycolysis m the pres 
ence of O The accumulation of inorganic phosphorus encountered by 
various authors in infected tissues with high respiration would also be 


m favor of this hypothesis 

Allen’s ideas are usually shared by the various authors who have 
studied this problem in the last few years I will mention the following 
in particular 

Farkas and Kiraly (1955) worked with the rust and the powdery 
mildew of wheat, caused by P gratnmts and E gramints, respectively 
They drew the conclusion that both parasites induce an aerobic fermenta- 
tion in the infected tissues and that the Pasteur effect is blocked Millerd 
and Scott (1956) suggest that the strong increase in respiration of barley 
infected with E gramints is due to the uncouplmg of the oxidative phase 
from the phosphorylative phase by the action of substances which are 
formed durmg pathogenesis Uritani and co-workers (1954, 1955) and 
Akazawa and Uritani (1955a, b) following numerous studies on tlie 
black rot of sweet potato caused by Ceratostomella fimhnata, considered 
as very likely an uncoupling action of ipomeamarone (a toxin pro 
duced by the fungus m the culture) but believed that this action is 
only partially responsible for the mcrease in respirabon encountered in 
the infected tubers It should be noted, however, that Uritani et al (19o4 
and 1955) worked with a facultative parasite of non green organs, but, 
as also Farkas remarks very appropriate!, (1957) it is dangerous to 
draw parallels betxveen the behavior of obligate and facultative parasites, 
especially m the field of these most delicate mct.aboljsms, because their 
needs are very different It is enough to recall that, while m the obligate 
parasite the mcrease m the respiration of the host is always practieall, a 
sme qua non condition for the subsequent dm elopment of the parasite, 
and thus IS a characteristic of tlie susceptible species, m the case of man, 
facultative parasites, the resistance of the host on Uic contr^ is asso 
ciated witl. a high respirator, rbitlim (Flic is and Kotte, 19o4, U alker 
and Stahmann, 1935, Rubin cl of. 19oo Sliau and Samborski (19a,) 
base also recenllv inxestigated the mechanism o the high 
in uhcat mfeeted b, P grommis I5B and tliei obsen ed tint the rat o 
NR OR (CO. exobed m anaerobiosis and in aerobiosis) decreases to 
xaliies of 02 'to 03. for xxhicli the Pasteur effect is considered to la- 
totalb blocked and for xxl.icli therefore the degr.dation of the carbo 

''"'Houe°^'«ntradictor, opinions are not lacking on li.ese points 
Dal,- and S.ax re (1957). xx orking xxall. the rust of safiloxxcr (P carl/, ami). 
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believe that an uncoupling action cannot be held responsible for tlie 
increase in respiration and for tlie blockade in Pasteur effect which they 
also found m the infected plants at the time of the formation of the son 
Their disagreement with the uncoupling theory arose because they 
recorded simultaneously notable increases in the elongation and in the 
wet and dry weight of the infected hypocotyls in comparison with the 
healthy ones. They hold that where such evident processes of protein 
synthesis exist, there is no place for an uncoupling action. Therefore, 
the increase in respiration and the blocking of the Pasteur effect must 
be attributed to other mechanisms which tliey believe to be hormonal 
in nature. 


It should be noted in connection with these criticisms by Daly and 
Sayre, that the disease which they studied can be considered, under 
certain aspects, as a borderline case between parasitism and mutual 
sjrohiosis, at least when limited to the infected tissues In fact, the cases 
where an obligate parasite causes such high increases are rather rare. 
On the other hand, the authors do not report the weight of the total 
plant, with the leaves and the roots, but only that of the hypocotylous 
region. It is convenient, however, to admit that while in certain cases 
^ j increase in respiration can be related to an uncoupling action 

and thus depend on the regulating systems of the metabolism, in other 
cases it can depend on hormonal actions or on other mechanisms. 

As can be seen, the problem is stiU open to investigation and to 
discussion and will be much more extensively and competently treated 
by others in Chapter 10. It has been thought opportune to explain the 
question briefly here only because the blocking of the Pasteur effect and 
the possible uncoupling effect are closely related to the subject of this 
cliaptcr. In fact, the blocking of Uie Pasteur effect practically implies the 
i^mpossibihty- of partial resynthesis of the carbohydrates which is char* 

. clcnstic of the normal aerobic process, and therefore also implies the 
destruction of this valuable plastic material which is to be used in build- 
ng up the protoplasm On the other hand, a consequence of tlic 
dispersion of energy wl.ich, in the 
iiosi mil economy, is destined to the syntheses necessary to the 

in the siK* 1 ™'^ '''f'tfore “ "Iningcr for energy” is thus generated 

its o,s-n devCment ‘ 


3. The Uoit Cell Bums Slowlij 

•mil', or""' "'’'is^tte parasitism, the experiments of the various 

aullu rs seem to he concordant in some fundamental lines summari/e<l 
as follows. Tl,e parasilc starts to dllfcrcntiale the conidiophorcs and the 
comdi.i usually around the eighth or tenth day of imnihation under 
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normal light and temperature conditions At that time, the metabolic 
pattern of the host is the followmg photosynthesis is partially blocked, 
and respiration is at its highest, the Pasteur effect is completely blocked, 
and an uncouplmg action of toxic origm seems to arise and prevent an 
efficient utilization of energy So m the end, the sources of supply are 
cut oft and the provisions become badly dispersed The nutritive balance 
of the host could not be more tragic and bankrupt, m fact, it always 
ends with the death of a more or less wide histological zone By the time 
this occurs, however, the parasite has already completed its cycle 


D The Blocking of the Transport 

We have already mentioned the anomalies which the disease gen 
erates m the distribution of the nutrient substances m the tissues of the 
host altermg the cellular permeability and allowmg an abnormal concen 
tration of nutrients m the infected zone at the expense of the neighboring 
tissues or even of those far removed from the pomt of infection 

We must now speak briefly of the effects of the disease on the efli 
oienoy of the mam routes along which the nutrient substances move 
to reach the place of consumpbon or of storage, that is, of the 
functional alteration of the conductive sjstem This is valid mostly 
for those tissues and those organs which are not themselves productive 
but must be supplied in time with substances elaborated or stored 

elsewhere , , , . t » i. 

On the transport of water and mineral salts there is not much to be 
said because the question will be treated to a larp extent in the next 
chapter on the “thirst” m plants, partly also in the chapter on toxins 

(Chapter 9 of Volume II) r » u 

From our pomt of view, the question is of interest because the 
ascending sap carries all the mineral elements ne^ssary for biosjnthesis 
with the ex^ptiou of carbon There fore, all of the pathogens ivh cl. 
inhibit or hmder the absorption by the roots or the transport In the 
ascending sap, generate a hunger for mineral substances espec.alb 
nitrogen, phosphorus, and potassium uh.cli are necessary m large 

Tim foachaeomyeoses produced bs n.wmm and hy Vcrl.clhnm ha^ 
beer much studied and m particular the ix ilt.ng of the tomato caiisrf 
, _ f » In this CTSC l^o\^c^c^ the .luliiors it^inlh 

^fe ST;wtVrr bloamrof ..m xxlem ducts the mx.us or 
^es carried along u.tli the non of sap are also, and aboae a I 
resp^sfblo for aa.ltmg Which toxins and 'or enzaanes .are respons hic 
rriir aaillmg and aahat .5 the median, sm of their action is stdl a 

‘"^'ciufumr and Im sdiool claim that it is mosiK lycomarasmm and 
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fusaric acid extracted from the culture of the fungus and purified, 
whereas Dimond (1955), as well as Walker and Stahmann (1955), be- 
lieve some pectolytic enzymes, such as polygalacturonase (PG) and 
pectinmethylesterase (PME) to be mainly responsible for the wilting. 
Besides, the discussion on the “vivotoxins,” raised by Dimond and Wag- 
goner (1953, 1955), requires great consideration. 

Anyway, this question will be treated in another chapter. It is enough 
for us to recall that the transport of the salts is partly hindered by 
mechanical occlusion of the ducts, partly altered by the chelating action 
of the toxins (we have already mentioned the action exerted by lyco- 
marasmin on iron), which are believed to block certain elements during 


the transport and to alter their distribution. 

On the other hand, the occlusion of the ducts caused by the zoogloeae 
of Erwinia tracheiphila, which causes a wilt in the Cucurbitaceae, and 
of Phytomonas stewarti, agent of the bacteriosis of maize (Harris, 1940), 
is of more closely, if not exclusively, mechanical nature. 

It should be noted that this scarcity of mineral elements is usually 
not felt as real hunger because the cells die first either of thirst or of 
intoxication. It can thus be explained that the experimenters have often 
recorded relative increases (with respect to the dry weight) in mineral 
substances in wilted plants as compared with normal plants. 

Tlie disturbances caused by the pathogens to the other great route 
of transport, the phloem, even if the cases are less numerous, are un- 
doubtedly more closely related to the problem treated here. We shall 
mention only a few aspects of the leptonecrosis of the potato, produced 
by the virus of leaf roll, one of the most investigated diseases. 

Since Quanjer et al. (1916) noticed that the necrosis of the phloem 
is the most important and constant histological characteristic of leaf roll 
of the potato, various authors have studied the problem from the histo- 
logical and biochemical points of view. 


It has been seen that, above all, the primary phloem is deeply altered, 
as is sho\Mi by the yellow-reddish color it assumes. Ihe walls of the cells 
become thick and partly lignified, and tins process tends to close com- 
pletely the lumen of the tubes But even before the phenomenon becomes 
perceptible, It has been observed that the sicve-Iike tubes lose their 
function to a large extent Tlicrcfore, the transport of the carbohydrates 

much hindered. 

\\1iitehead (19-0 obscrx’cd that the migration of the carboh>dratcs 
from the leaves to the UiIkts during the night is so much reduced in the 
infected plants, that on the next morning, wlien photosj-nthcsis starts 
ng.Un, the leaves are still full of starch, Tlnis, the starch tends to accumu- 
h-ite in the Ic.aves rnllier than in the tubers. 
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Further precisions on the metabolism and transport of carbohydrates 
and of nitrogenous compounds in the infected potato have been given 
by the investigations of barton Wright and McBam (1932) They found 
that the carhohj dratcs, not heing able to migrate from the diseased 
Iea\ es, are submitted to some sort of c> clic metabolism according to this 
scheme starch-hesosc-saccliarosc-starcli They observed that, despite the 
decrease in photos) nthesis and the notable increase in respiration, the 
starch continues to accumulate in the leaves, tins confirms tlie fact tliat 
very little carbohjdrate succeeds in migrating to the reserve tissues and 
this is why the form of cyclic metabolism mentioned above is estab 
hshed They have, moreover, noted that in tlie healthy plants first a 
hexose, Uien saccharose, which is the carbohydrate normally destmed 
to migrate to the tuber through the phloem, are formed by photosynthe 
SIS T^y have never found, on the contrary, any saccharose m the petiole 
of tlie leaves of diseased plants, this means, aecordmg to the authors, 
that the little carbohydrate which succeeds in reaehmg the tubers does 
not migrate as saccharose through the ordm^ route (*e phloem), but 
as hexose through the parenchyma (ground tissue) The consequence 
of this altered mechanism of transport is that the 

ui fVia virn? of ]&ii( roll, such Qs lOf ©xsniple the Presi 
Z :i a^bf crop of one tenth or one twelfth of the 

no™al“rop wlnle the leaves change color, often become fragile and 

roTu n because they are not able to digest the excess carbohydrate 
roil up. Decause r novav it is the spongy tissue of the leaf 
Aecordmg smted^^o the storage of the 

which, tacause of It looser ^ 

ngirpaSfde“aTer“etrins unextUd, and this leads to the rolhng 

up of the leaves uifected tubers give up very slowly 

It IS interestmg ■ ,f„_™s which they have succeeded in stormg 
to the new shoots e su oPjerved that the diseased tubers remam 

McLean (1926a b) has m ct oke^edth^^^ healthy ones are 

hard and turgid ^j®„„t,acted because they have given all 

already emptied, flaccid, an mfected 

mb^TrotrLuemely Iin and the effects of hunger become more cmel 
and irreparable from year to year 

Hnvr OF THE Variable NirnimvE 
TV The Consequences fob the host o» ihl 

IV va V THE Period of Incubation 

Needs of the Parasite during ^ 

with the host. 
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We have already seen that\all parasites, but especially the obligate 
parasites, have very high ne^s in carbohydrates, and that in all proba 
bihty the intermediate metabolites which aiise from iihotosynthcsis or 
from glycolysis are their preferred substrate 

It must, however, be underlmed heie that these demands are not tlie 
same for the total period of the symbiosis of the two elements of the 
complex They vary a great deal, mostly durmg the mcubation period 
For what can be understood from mdirect experiments, the demand 
for carbohydrates mcreases as the incubation proceeds, but becomes 
suddenly stronger at the moment of the formation of the conidiophores 
and comdia Waters (1926) has observed that the most severe infec 
tions on bean leaves mfected by U appendiculatus appear on leaves 
which, kept floating on water until the sixth day after the inoculation, 
are then transferred mto a sugar solution Forward (1932) inoculated 
young wheat plants with P gramtnts trittct f 21 On the sixth or seventh 
day after inoculation, she placed them in the dark and observed that they 
became covered with spots of hypersensitivity rather than with urcdi 
nioson of the susceptible type This is another proof of the imperative 
needs of the parasite for carbohydrate at that particular moment 
But the most systematic research on this question has been carried 
out by Sempio (1938a, 1939, 1942b) He mvestigated the behavior of 
some complexes (wheat Erystphe gramtnts, wheat-P inticma, bean-t/ 
appendtcuhtus, lettuce-Bremia lactucae, radish-Altngo Candida) toward 
the most important external factors (temperature, light, humidity, 
sure, CO-., O-., ultraviolet) during the period of incubation of the 
disease 

By standardizing this period to an average duration of about 9 to 16 
days, he could divide it into three phases of about three days each 
phase I, from the moment of contagion to the implantation of the para 
site in the tissue of the host (haustona formed), phase II, expansion of 
the parasite into the tissues, phase III, differentiation of the conidial 
apparatus (conidiophores or son) Tliese three phases show a different 
behavior toward the mam external factors, and especially toward hghl 
and temperature He observed, for example, that during the first phi>s*^- 
the darkness or a striking decrease in the intensity of light usuallv stiom* 
latcs the desclopmcnt of the disease, whereas during the third phase, »t 
results in a regression m the disease itself In the same wav. rclatnol) 
higli temperatures arc home much better m the first two phases than 
m tlio third one 

Hassobraiik (1910) has also obtained similar results on wheat varic- 
tic? winch arc moderately resistant to P. triliemn 

GcncralU spcalmg. it has been found tint phase III is the mod 
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critical, not only for the parasite, but also for tlie host, or better, it is 
critical for the complex, host-parasite taken as a biological entity This 
proves that the host is tlien exhausted from hunger and has, therefore, 
partially or totally lost its normal capacity to resist the unfavorable 
conditions of the medium (prolonged darkness, high temperatures, etc ) 

A typical case of this critical state is shoxvn by the Gotta lettuce 
infected by Brcmta The infected young plants resist the effects of 
darkness veiy' well during tlie first 6 days of the incubation, that is, 
during phases I plus 11, whereas they become very flaccid without any 
possibility of recovery after only 3 days of darkness in tlie third phase 
(Sempio, 1938b). When the complex wheat-P trUtema is put m the 
dark during the third phase (from tlie beginnmg of the seventh day 
until the end of the eleventli), a strong yellowing of the leaves occurs 
The leaves, however, succeed, after a few days of exposure to light, m 
regaining a practically normal color, while the uredimoson, which began 
to be formed at the time of the darkenmg, are completely aborted 

These results prove that, at the time of the differentiation of the 
propagules (conidiophores, son, conidia), the parasite demands from 
the plant its last nutritive reserves, especially of carbohydrates At this 
stage a strong competition arises between the two organisms If at this 
critical moment the road to carbohydrate synthesis is cut by removing 
the light, two things can happen (a) if the plant still has some useful 
reserves, if it has rather hard and dry leaves, then it succeeds in over 
coming the competition of the parasite in the dark (case of the complex 
wheat-Puccmia), (b) if the plant is at the end of its reserves, has tender 
and aqueous tissues, then it dies together with the parasite (case of the 
complex lettuce-Brcmia ) 

This interpretation of the expenmental results seems to be supported 
, also by the metabolism experiments reported above vSee-i»-par£icuIar 
Table V (page-SSfl) relative to the photosynthetic activity of the com- 
plex wheat-Erysiphe It can be noted that, comparatively to the healthy 
plant, the photosynthesis of the diseased plant is more mtense durmg the 
first 2 to 3 days, then decreases below the normal value, then rises again 
well above the normal value on the sixth to eighth day, that is, durmg 
the third phase of incubation Similar results (not published) have been 
repeatedly obtained also with the complex bean-C/romi/ccs In the very 
simple experimental conditions used by Sempio and under a continuous 
rigorous comparison with the healthy plant, this revival of photo- 
synthesis (greater fixation of COO during the third phase has been 
practically always verified more or Jess markedly This seems to mdicate 
(a) the extraordmarv demand for carbohydrates by the parasite at the 
moment of the fructification (b) the state of undernourishment of the 
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susceptible host which, when short of metabolites, can no longer satisfy 
the increased needs of the parasite even by increasing the rhythm of its 
photosynthesis Obviously aftei this last effoit which is advantageous 
exclusively to the parasite the invaded tissue collapses and then dies 

V Conclusion 

In conclusion we can say that the host is starved by pathogens (a) 
when the synthesis of carbohydrates and other metabolites is impaired 
by infections of the photosynthetic organs (b) when respiration is too 
high and resynthesis of carbohydrates is inhibited, (c) when the normal 
equilibrium of the functions of the host is broken and the energy is 
wasted (d) when the competitive action of the antimetabolites (toxins) 
inhibits the biosynthesis or the subsequent utilization of the metabolites 
(e) when the cell permeability and then the distribution of the metabo 
lites IS injured (f) when the transport of carbohydrates or other metabo 
lites out from the photosynthetic organs is impaired by diseases of the 
phloem, or (g) when mineral nutrition is reduced by infections of the 
roots or xylem vessels 
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I Introduction 

Life in all probability, originated in «atcr and in Us pr.mirr state 
, , ; ‘ anuatic mcdiiim at least, at Us sittir.t 

IS adapted to unc '™ (],a various organisms both phiils 

tion lot el, 1 no im , ] (at (o life on hnd, tlicv Mere contmtiall) 

and au.mals, extended tlictr ab^ of nature, 

subjected to Ibe threat of des ^ . on 

agamst Minch .r'" " to L m a I trpe measure the esstnee 

oniinfprhal.mcc tins threat stems lo ik., ui . ^ . r .t i 

Th e Tlie title of tins chapter indicates niib tins asiH^ct ef the life 

nroLs and the problem asseimca a greater sipnincance- m i. n Me .are_ 

■ rebne «.lb nrginisms put lo an additional elisideanlace-tlie- dim.ase 
Mbicli IS attemlexl bv sario.is repercussions on lee inelalK.lie functions 
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Among the most important constituents of plants, water is quantita- 
tively by far the most abundant. Protoplasm, the physical basis of life, 
is itself a hydrated gel, containing water, no less than 80-90% of its total 
weight in its active state (Levitt, 1956). It follows, therefore, that any 
disturbance to the normal process of life would have a marked effect on 
this component. The importance of water can be better appreciated if we 
list its various roles in the life processes of plants. In addition to its being 
an essential constituent of living protoplasm, it forms a continuous phase 
permeating the entire plant body and it takes part in various chemical 
reactions, particularly hydrolysis and photosynthesis It also plays an 
essential role in maintaining the form and structure of herbaceous plant 
tissues through the maintenance of cell turgidity. The various physiolog- 
ical functions of protoplasm itself are controlled by the extent of its 
hydration. It would, thus, seem clear that any disturbance to the water 
economy would naturally lead to various physical and physiological 


consequences. 

The bulk of water in plants is not in a static condition but is part of 
a hydrodynamic system which operates as one unit and is composed of 
the balancing forces at the cellular level. The water content of the 
various cells and tissues is in a continuous state of change. To under- 
stand fully how and why such changes in water content occur, requires 
consideration of the chemical and physical characteristics of various parts 
of the cell, of the forces which hold water in cells and of the principles 
which govern water movement behveen cells and their environment. 


>> ater is held in the cells of plants, principally by osmotic and imbibi- 
tional forces Osmotic forces are developed by the presence of solutes 
which decrease the activity or free energy of water molecules, resulting 
in a decrease in its diffusion pressure. Imbibition occurs because of the 
attraction for water of various hydrophilic colloids such as cellulose and 
proteins In this case, water is held in the microcapillai^' lattices of com- 
plex molecules and licld largely by surface forces. Tims, the free encrg> 
of water IS reduced severally in plant cells and the amount bv which the 
, reduced is termed the diffusion pressure 

t c icit ( D). Tlie DPD of a solution is equal to its osmotic pressure, 

Imt m plant c'olls this is greatiy modified by the wail pressure (svl.icli is 
equal and opposite to turgor prcssiirc) and may decrease from a value 
almost erpi.i to tlic osmotic pressure of the ceil sap (wlicn turgor pres- 
"’T,"’ ""■S”'' "-all pressures increase. 

The DI D of a n- 1 syould. tlien-fore. ire cqu.al to tlic osmotic pressure 
of a solution m ulucli it neillier gains nor loses water. In otiicr svords. 
tlie svaler is.ntent of tl.o c,-ll remains nnci..mg«I ns long as tlie DI’D of 
its snrroi.ndings r.,p,,,ls tliat of its own. .\ny cliange In cillicr of tl.e h'" 
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results m a movement of water from within or without the cell Besides 
these osmotic forces, there is an "active absorption of water by the cells 
which mvolves expenditure of energy and this resembles the accumula- 
tion of ions Loss of water from the cells would, thus, involve a disrup 
tion of the equilibrium that contributes to its retention m them 

Disease manifests itself primarily in various functional disturbances, 
most of which, if not all, can be traced either directly or mdirectly to a 
disturbed water balance in plants This fact becomes evident when we 
study the various derangements allendmg on disease and trace their 
bearmg on tlie water economy of the individual But, to appreciate this, 
it IS necessary to have a basic picture of the various means by which a 
plant strives to keep up its water balance and mamtams its norm Excel- 
lent reviews and treatises have appeared on this subject and the reader 
IS referred to these (Kramer, 1955, 1956a, b, c, Meyer, 1956, Levitt, 1951, 
1956, Stockmg, 1956) 


II Water Baiance in Normal Healthy Plants 
The maintenance of a favorable water balance in plants demands 
that the loss of water from the leaves by transpirahon (guttation loss 
being negligible m most cases) shall not, except for very short penods, 
exceed the supply of water to them If it does, the total volume of water 
in plants is reduced and a thirst develops, the most obvious sjmiptom 
bemg wilting If, therefore, thirst and its consequences, as we shall dis- 
cuss later, ie to be avoided a regular flow of water to the eaves is 
essential Normally, plants obtam water from the soil through tlieir root 
system In its passage from the root hairs to the foliage, water encounters 
rListance An adequate supply depends on overcoming this resistance, 
which varies m magnitude from plant to plant and, probably, from time 

to tune withm the same plant *1 rr ^ ^ 

Absorption of water is mfluenced by conditions tliat affect the metab- 
olism and permeabihty of root cells, such as low oxygen tension hjgh 
CO. concentration and also the total soil moisture sbess at the r^ 
surface It is also accentuated by the factors of root density and root 
elongation which determine tlie d'^tanc^ water has to move and o 

mfluence the ^" 0 ^'^^^^ anfhcnZX 

LouTt oTwater needed to attain cquihbnum In most plants studied, 
TerLs a distinct lag in tlie rate of absorptjon of ivatcr as compared 
with the rate of transpiration dunng daylight hours shmi mg a condition 
Tf mtLal uater deficit, but normally the rate of absorption exceeds 
transpirauon during the later hours of the day u hen the interna «a cr 
deficu IS reduced to the minimum The deselopment of an intern il uatcr 
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deficit thus seems to be of almost daily occurrence in most plants during 
their growing season and the mechanism by which plants attain reduc- 
tion of internal water deficit constitutes the dynamics of its water rela- 
tions. Naturally, the forces directed to achieve this end should tend to 
decrease transpirational water loss and increase absorption of water from 
the substratum, conduction being usually incidental to these two factors. 
Conversely, forces that tend to disturb the normal water balance act on 
either of these two, or both, and thereby increase the internal water 
deficit, causing thirst. 

It seems to be generally accepted that the mechanism of transpiration 
involves evaporation of water either through the cuticle or through the 
stomates. Consequent on this evaporation, a gradient is set up between 
the evaporatmg surface and the trachea and water moves from the latter 
to the former. This process continues only as long as the gradient is 
maintained, which is subject to the influence of the intervening living 
cells. The DPD of the evaporating surface is regulated to a large extent 
by the opening and closing of stomata. That stomata respond to stimuli, 
such as light and darkness, changes in leaf water content, temperature, 
C02 content of the air, shock stimuli, changes in H-ion concentration 
and ionic effects, seems well established (Heath, 1949). The greater 
the DPD of the tracheal contents, the less the readiness with which water 


moves to the evaporating surface and the more the withdrawal of water 
into the intermicellar spaces of the cell wall at the evaporating surface, 
thus greatly increasing resistance to evaporation. 

Transpiration proceeds as long as the suction force at the evaporating 
surface exceeds that of the leaf cells and the trachea. If the leaf cells are 
to remain fully turgid, their suction force must be greater than that in 
the tracheae on the one hand, and lliat at the evaporatmg surface, on 
the other. Increase in eiUier of the latter two leads to loss of turgor in 
^ wilting follows. Normally, the osmotic pressure of lonf 

wlls IS kept up at a high level by the reduction of water by transpira- 
tion, on the one hand, and by accumulation of photosynthates, on the 
other. Any decrease in water in leaf cells produces changes, sucli as 
hydrolysis of starch and proteins, which give rise to osmoUcally active 
ubstances resulting m a flow of water from the trachea, creating a ten- 
sion in the x>'lcm. As long as tlic DPD of the tracheal contents. d«c 
mainly to their tension, is greater than the DPD of soil water and tliat 

hUrn^n rrf ' absorption is facilitated. Tlie significance of a 
high DPD of leaf cells is at least twofold. It causes Uic development of 
a high tension in the ^ 1cm, which is nccessar>- for absorption against the 
resistance of root cells; at the same time it reduces transpiration. Thus, 
absorption of water tends to decrease liie DPD gradient between the leaf 
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and the tracheal fluid whereas transpiration increases it The tensions 
disappear during periods of good water supply and low transpiration, 
hence, existence of tension can be taken to indicate some mtemal water 
deficit which, however, is prevented from becommg serious by the 
action of tension itself on absorption and transpiration (Wame, 1942} 
Thus we have here a self regulatory mechanism for preventmg the 
development of a serious internal water deficit The efficiency of this 
mechanism is limited by the osmoregulatory changes of leaf cells It is 
precisely m those plants whose cell sap has a high osmotic pressure that 
there is possibility of considerable tension developing when conditions 
favor high transpiration This m itself is likely to facilitate the mtake of 
water by the roots and postpone development of a serious water deficit 
m the leaves It would thus be evident that the daily vanations in 
osmotic pressure of plant cells particularly m the leaf are most sig 
n.6cant m that they swmg back the water status of the plart to a condi 
hon of balance from that of imbalance (Meyer 1958) Ihe cycle of 
variahons m the osmotic quantities may be quite different under environ 
mental conditions departing from the normal which favors high tran 
spiration in the presence of an adequate water supply Seasonal var.a 
tions are also known m the case of perennial plants 

III General Symptoms ant. Nature of Water Deticienoy 
The most apparent effect of water deBcit is loss of form in herbaceous 
plant tissues-as a sequel to loss of turgor-such as wilting flagging, and 
loouLrof leaves and stem tips Root hairs are also believed to wilt 

P g , ,ui,„,,„h such wilting cannot be ordinarily observed 

very commo^y. ^*oughj^ch^^ 

(Kramer, 1950) nlthouch phvsiologically comparable conditions 

Zt m ‘tht I^':.rg oct::Me mrfor pressure is almost Eero and 

“STs^age win ^ 

sure A temporary r their form as Lro iiater is made 

clnnges but normally plants regain « 

available nrocesscs none is more obviousI> affected by a 

Of all the imjor p ^ although menstematic tissues and 

deficiency o "ater ' ^ ‘ ,„bibitional forces, arc able to obtam 

>oimg cells herause of the g jg^gj 

uater from older tissues ( A promotes 

deficit mterferes i.tl, deficit eienluall, results 

differentiation (Mej^er, 

m f because of a corresponding decrease in the production 

of Srns C Melieexe. 1951) Tins effect and other mctalKihc changes 
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detailed below, produce plants with a stunted appearance. Resetting of 
leaves takes place from shortening of intemodes. Leaf area is also greatly 
reduced (Simonis, 1952). Reduction in root growtli means decrease in 
available surface freely permeable to water. This is accentuated by the 
destruction of root hairs and premature suberization (Kramer, 1950). 
In general, a reduced water content of a plant, whether caused by a 
shortage of water in the soil, or by liigh transpiration rates, results in a 
lower shoot: root ratio on a weight basis (Meyer, 1956). 

The effect of decrease in turgor on transpiration, unlike other vital 
functions, seems to be indirect. Transpiration is basically a passive 
process and as such is determined largely by the diffusion gradient from 
leaf to atmosphere and the rate of water supply to the roots (Slatyer, 
1957). Leaf water content itself is not likely to affect transpiration unless 
severe wilting occurs (Gregory et al., 1950); it depends on the sensitivity 
of the stomates to changes in turgor. A correlation between the rate of 
transpiration and the width of the stomatal opening is feasible only 
when the water content is sufficient, although stomatal behavior is, 
doubtless, influenced by other factors. 

Reduction in leaf water content usually results in a diminished rate 
of photosynthesis and this is pronounced before any wilting occurs 
(Schneider and Childers, 1941). A loss of water of 16 to 47% or more 
causes a decrease of 20% in the rate of photosynthesis, but there seems 
to be no correlation between the amount of water lost and the intensity 
of photosynthesis. In plants which have recovered from wilting, the 
ability to carry on carbon assimilation is not restored to normalcy, but 
is reduced by 35 to 59% (Iljin, 1957). The inflbence of water deficit on 
p otosynthesis may be direct, through a decrease in protoplasmic hydra- 
^ 0^1 through stomatal regulation (Schneider and Childers, 

1941, Rabinowitch, 1945). Stomates have an important role in the absorp- 
tion of CO, from the air and in the evaporation of water. In general, 
water loss of even 10% induces stomatal closure. In certain species the 
sensitivity of the stomatal mechanism is so great, that a loss of even 
19^)^^ closure, eg., Vida and Chrysanthemum (Hjin- 

Decrease m water content of cells and tissues produces important 
changes in their physical and chemical properties. Dehydration produces 
chanps in viscosity and permeability of protoplasm. Moderate dehydra- 
tion inCTeases viscosity and slackens Brownian movement. A slow adapta- 
tion (hardening) is exhibited when dehydration is gradual, whereas 
when the process of dehydraUon is drastic, complete gelation occurs 
and the protoplasm becomes rigid and brittle, in which case the chances 
of recovery are remote (Levitt, 1956). Northen (1943) and Stocker 
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(1948) believed that dehydration causes dissociation of the protoplasm, 
resulting m the physical changes observed, followed by activation of cer- 
tain enzymes and increased respiration In general, hydrolytic processes 
are increased, eg, hydrolysis of starch and protems (Kramer, 1956a) 
and synthetic processes are hindered, e g , protein formation from ammo 
acids (Petrie and Wood, 1938) 

A relatively high water content of the leaf tissues favors accumulation 
of starch at the expense of sugars m many species, while a reduction m 
water content favors the transformation of starch to sugars (Ahms, 1924, 
Spoehr and Milner, 1939) or polysaccharides (Spoehr, 1919) An in 
creased supply of available nitrogen stimulates the utilization of carbo 
hydrates, and if m addition sufficient moisture is available, growth and 
formation of new organs are accelerated On the other hand, if sufficient 
moisture is not available, growth is interrupted and polysaccharides tend 
to accumulate The breakdown of carbohydrates m leaves may be accom- 
panied by their deposition m roots This happens to be the case m a 
majority of plants (Iljm, 1957) However, when wilting is slight, the 
changes detailed above are not noticed, until further desiccation stimu- 
lates these processes It is, therefore, logical to presume that fluctuations 
of considerable magnitude in the water content of plants, due to their 
“inefficient” hydrodynamic system, result in changes which increase the 
proneness of the host to attacks by pathogenic, root infecting organisms 


A Phystologtcal WtUmg 

In general, diminution of water content affects the leaf cells most as 
compared with other parts of plants and this results m their partial or 
complete loss of turgor Visible manifestations of wilting are frequen 
also m young succulent stem tips, floral parts or even fruits and root 
hairs tL term -incipient ivilting” .s applied when the loss of turgor is 

. T . Tv droooinc This condition is found 

not great enough to result in visiDie aroupii y 

^ ^ 1 T V Kritrlif and warm days If the suction force 

m most terrestrial plants on bright ana wuiin u , 
r 1 ^ f .c fTi-#»'iipr than that of the tracheal contents, 

fnfborarrirttn ^ '-g cells, water may p^ through 

dm leafceTs ^itCt maintaining the latter in full I^s seem, 

to be home cm by the fact 
to he inspired The devek^pm f 

m the tracheae Mould also ^iisc a ^ 

to the tracheae Nonnalh . tens on m ‘^cjlem ^ 
imo Mhen there is sufficient «a PP 
hoMcver, this ccndnues oMing to . ^ 

thiT Bormcip,rnt wd'ting and transient wilting differ from per- 
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manent wilting m that the latter results not from a transitory excess of 
transpiration over water absorption, but from a deficiency of water in 
the soil Plants do not recover from permanent wilting unless the water 
content of the soil in which they arc rooted increases, they do not regain 
tlieir turgor when placed in a saturated atmosphere Permanent wilting 
marks a stage beyond whicli w'atcr is not available for normal plant 
functions It usually arises when the soil winter has fallen to such a low 
level that the plant cannot extract it In other words, the total soil mois 
ture stress increases This stress represents the DPD of soil water and is 
equivalent to the combined effect of the soil moisture tension and the 


osmotic concentration of the soil solution (Richards and Wadleigh, 
1952) As the soil water is depleted by absorption by the roots, an 
increase in the solute concentration at the root surface occurs This is 
because the rate of solute absorption and the rate of water absorption 
are controlled by different factors This causes a slackening in tlie rate 
of absorption, if the soil water is not replenished and wilting is hastened 
(Slatyer, 1957) In a soil slowly diying up, temporary wilting slowly 
grades over to permanent wilting The nocturnal recovery of the plant 
from temporary wilting is achieved less and less completely until even 
the slightest recovery fails to take place During permanent wilting the 
stress in the hydrodynamic system gradually becomes intensified, even 
if the stomates are closed, as they usually are m permanently wilted 
plants, cuticular transpiration continues, gradually reducing the total 
volume of water within the plant Prolongation of this state for more 
than a few days results in the death of root hairs and. thereafter, recovery 
of the plant to the normal condition is slow (Kramer, 1950) It also 
remits m development of high tensions in the cells and these, in turn 
su ject protoplasm and cell walls to a centnpetally directed pull which 
may lead to death of cells and ultimate wilting 

Physiological wilting of plants may also result from conditions otlier 
than soil moisture deficiency Roots may be unable to absorb water from 
soil because of factors that interfere with absorption Absorption of 
water by the roots is both active and passive The former involves an 
xpenditure of energy derived from respiration and resembles the phe 
accumulation The latter is controlled by the osmotic 
mterfprL!!' Tv! ' “ *e xylem and soil water An) 

twrlm,!!. ^ ■" “ physiologic drought These 

state of Tooreeir’ “■‘o^elated and controlled by the metabolic 

L mdegTrdh absorption of water 

and rcsmrf.on t “',0933) proposed that water mtale 

phosphate* (ATP) hy transfer of energy through adenosine tri 

phosphate (ATP), perhaps m a mechanism wherein auxin molecules 
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function as a part of the transport system Although the nature of the 
relation betw een respiration and water mtake is uncertam, inhibitors of 
the former have been found to reduce or prevent water absorption (Van 
Overbeek, 1942, Kelly, 1947, Rosene, 1947, Hackett and Thimann, 1952) 
Absorption is also impeded by floodmg of the soil This results m 
"flooding injury” which manifests itself m yellowing and wiltmg of 
leaves These symptoms are attributed to desiccation caused by a de 
creased absorption The picture is complicated further by the mjury and 
death of root cells due to poor aeration This, however, does not seem 
to explam wilting and deatli of shoots adequately, smce plants can live 
for some days after their root systems are killed, if the soil is kept 
saturated ivith water (Kramer, 1933) It, therefore, appears probable that 
the various symptoms produced by floodmg have several causes, m addi- 
tion to interference wth absorption, such as inhibition of root growth, 
root development and elongation, translocation of toxic substances either 
released from dymg cells (eg, ethylene) or produced m the soil 
(Kramer, 1951), and nonselective absorpbon of minerals as a sequel to 
the death of the root system An imbalance of minerals is known to 
cause mjury to leaves, such as mesophyll collapse noticed m citrus leaves 
(Sokoloff et al , 1943) 

B Pathological Wilting 

Pathological wiltmg, as the term denotes, is caused by pathogenic 
agencies It occurs m diseases vanously described as damping ofi^, die 
back, foot rot, take-all, and wilt Damping off is caused by primitive 
parasites ^^hlch attack the seedlings of many plants and bring about 
their death by extensive rotting of tlie root and collar region (eg, species 
of Fusanum, Pythiiim, and Rhizoctonia) Foot rot and take-all represent 
instances wherein the roots and crown regions are damaged and the 
plants exhibit charactenstic s>’inptoms of water deficiency before thev 
die In the case of foot rot of paddy (Gibberclla fiijikurot) , ho\\e\er. the 
presence of characteristic metabolites of the causal organism fusanc 
acid and gibberellic acid, the former a wilt toxin and the latter having 
the property of growtii substances— has been recently demonstrated 
(Subba-Rao, 1957a, b) The final s>’inploms of tlic disease, m this case, 
would naturally ansc not only from the interference with water uptake 
consequent to tlie damage to subterranean portions of the plant, but 
also as a result of the presence of these metabolites Fusanc acid in low 
concentrations increases permcabiht) of protoplasts to water and reduces 
It at higher concentrations Gibbcrclhc acid, on the other hind, inhibits 
root growth among otlicr things and this would aggravate root disfunc- 
tion Tlie ss ndromc of foot rot of padd> thus appears to Ix? the product 
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of an intricate interplay of diverse factors (Gaumann, 1957) In the case 
of take all no such evidence has been brought forward so far and the 
disease appears to arise out of the dysfunction of root system resulting 
from injury by the causal organism, Ophioholus grammts (Ludbrook, 
1942) Dieback of plants and branches is caused by definite interference 
with water supply, either by tissue disintegration or by inducing gum 
formation in the xylem region 

In vascular wilt diseases, however, there are to be seen both a local 
effect which leads to the necrosis of the directly affected tissues and a 
general systemic effect leading to the death of the entire plant Wiltmg 
may occur m most instances, although it is not evident in such cases as 
cabbage yellows caused by rttsarium congluttnans Most of the vascular 
wilts have many features in common, such as vascular discoloration, 
epmasty, yellowmg, and vemcleanng, and this suggests a common basis 
for their ongm There is a general derangement m the water balance 
observable in the mfected plants, but the exact manner in which it is 
brought about still defies a precise answer 

Damage to the absorptive organs has sometimes been suggested as 
a pnncipal factor in the disease (Orton, 1902), but this does not seem 
to be apparent In most cases the extent of root damage is too meager 
to account for such an acute water shortage and often wilting occurs 
before any visible damage to the root is noticeable Injury to roots, cans 
ing death of root cells will not interfere with the supply of water to the 
shoot, but a functional disturbance may lead to indiscnmmate passage 
of toxic rampounds and minerals through them and thereby cause dam 
age to the shoot Recent work on Fusarium wilt of cotton seems to 
pro^de evidence for such an occurrence (Gnanam 1956, Sadasivan, 


There is considerable evidence that dysfunction of conductive ele 
ments causes an acute water shortage This appears to be brought about 
y various p ysical and chemical causes, such as the presence m the 
u es o we ts o yphae and masses of organisms (as m bacterial wilts) 
or gums, tyloses, gels and gas pockets, all ansmg out of the chemical 
during its interactions with the host These ma> 
water flow through the xylem, either by obstructing the 
'he viscosity of the tracheal fluid However, 
hrmwh knowledge of the mechanism of sap flow 

(Dimond ^ hmited significance 

Stroms ‘“’I*™ “ Seneral water shortage, there are 

wMi mdicatfth epmasty. and necrosis in the leaves 

of transpiration m “ '^“'“•’'ed systemic factor The oiurse 

sed plants and the exudations of minerals and 
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ammo acids from leaves, as shown by Lmskens (1955) indicate that 
the leaf cells have lost their normal functions of osmoregulation The 
role of pectic enzymes, mitiating a chain of reactions leadmg to the 
release of phenols in the transpirational stream is sometimes suggested 
to explam this derangement (Davis et al 1953, Dimond 1955) Poison 
mg of leaf cells by metabohtes of the causal agent earned along the sap 
stream is also suggested to account ior this condition The mechanism 
by which the toxin (s) brmgs about such changes appears to be pnmar 
ily due to the destruction of the osmotic prerequisites for turgor (Gau 
mann and Jaag, 1947), causmg a release of cellular components info the 
outer medium which appears to be the basis of pathological wiltmg in 
plants (Gaumann, 1951) This results m the loss of water retammg 
capacity of the leaf cells and an efflux of water mto the transpirational 
stream causmg an increase in water loss Mere shortage of water will 
not produce such effects as claimed by many, on the other hand, 
shortage of water may reduce the leaf area but often increases water 
content of leaves possibly by changes in the protoplasmic structure 
which enable it to bind more water (Simonis, 1932) Such a condition 
does not seem to exist m most of the wilt diseases The loss of water 
retammg capacity of the leaf cells however, seems to be reversible in 
many cases (Dimond 1955), and Gottlieb (1944) envisages the con 
tmued action of a slo^v actmg poison 

All this regarding the role of enzymes and toxins as well as otlicr 
toxic substances in the production of disease syndromes has remained 
largely speculative until very recently, having been mostl> based on 
m Vitro studies The abilit> of the pathogens concerned to produce these 
substances in vitro could not always be correhled with the degree of 
their pathogenicity under natural conditions The controversy tint nat 
urally arose out of this incompatibility led to the development of the 

new concept of ‘vivotOMn” (Dimond and Waggoner 1953a) ic a toxin 

operative m vwo Although the term has been coined to define toxin 
action the idea can bo extended to bring within its scope the man\ 
other products ascribed a role in pathogenesis A rigorous application 
of Koch’s postulates as applied for the establishment of parasitism bv 
microorganisms would liowevcr seem impossible when we consider the 
conditions m which these factors act m vivo Tlic secretion and acliMt> 
of enzvanes are limited bv the presence of adequate substrates and 
optimal conditions for their activatv Vivotoxms on the other hand arc 
most probablv conlinuouslv secreted and continuouslj inactivatctl or 
dcstroved bv host rt ictions Ilcncc the cst iblishmcnt of their complicitv 
m inilialint: certain aspects of wilt svndrome would lie di/Jicult In 
in Vitro studies 
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Nevertheless, recent studies by many workers have been instrumental 
m demonstrating the presence of pectic enzymes and metabolites of the 
pathogen, such as fusaric acid tn vwo in the infected plants, together 
with the presence of the products of Iiost-parasite interaction, such as 
ethylene and phenols (Davis et al, 1953, Dimond and Waggoner, 
IQSSa, c, Gothoskar et al , 1953, 1955, Kem and Sanwal, 1954, Lakshmin 
arayanan and Subramanian, 1955, Waggoner and Dimond, 1955, 1956, 
Kalyanasundaram and Venkata Ram, 1956, Kem and Kluepfel, 1956, 
Subramanian 1956, Husain andKelman, 1957, Lakshmmarayanan, 1957) 
A recognition of their presence in vivo m the diseased plants strongly sug 
gests the possibility of their taking part in the initiation of the array of 
symptoms observed during pathogenesis in wilt diseases The patho 
genesis of toxins is discussed in more detail in Chapter 9 of Volume II 
The similar symptoms of many wilt diseases suggest a common 
biochemical basis for their origin Still, it is difficult to suggest a single 
comprehensive mechanism of disease initiation for all, in view of the 
fact that the relative importance and the presence of these factors would 
depend on the different host parasite complexes 


IV ‘Water iNfBALANCE” in Diseased Plants 


A change in the water content may, perhaps, be one of the earliest 
reactions of living cells to any disturbance Most diseases are character 
ized by an initial increase m transpiration rate which, m itself, is suffi 
cient to upset the water economy of a plant There are however m 
stances where a reduction of transpiration rate has been observed, e g , 
bacterial wilt of cucumbers (Yu, 1933) The increase m transpiration 
may be brought about by various causes— physical or chemical Changes 
m permeability of leaf cells are almost universally observed The protec 
tive influences of the cuticle may sometimes be subverted by ruptures 
cause y fructifications of pathogens (as in rusts) The regulating mflu 
ence o stomates may be altered notably by variations in the starch 
sugar equilibrium The damage to leaf cells by diffusible toxic sub 
stances released from the focus of infection, would contribute to the 
changes m leaf behavior 


The net effect of infection m most of the diseases studied, is a 
gradual decline in transpiration rate, although there may be an initnl 
increase in water loss This decline m many instances, points to an 
inability of the infected plants to obtain enough water to mamtain their 
turgidit> and would appear to be occasioned by an impediment to 
absorption nnd induction, resultmg m an increased internal water 
delicit aggravated by loss of control over transpiration 

A disturbance in auxin balance due to disease is reflected m the 
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growth pattern of plants The affected plants are untlirifty and exhibit 
poor growth An increase m absorption may be expected to compensate 
for tins imbalance, but this does not take place since cessation of root 
growth and severe root damage observed in many diseases delimit this 
possibility 

The conduction of water through the :tylem may be variously im 
peded (1) by the presence of the pathogen, (2) by the chemical 
activities of the pathogen resultmg m formation of gums and gels, (3) 
by stimulation of host reactions leading to hyperplastic development of 
\)Iem parenchyma and tylose formation 

The gross metabolic changes coupled with mechanical barriers, pro 
duced in the host by host parasite interaction, exert a marked influence 
on the water content and turnover of cells and produce changes in the 
internal distribution of water m tissues and organs The effect is imtiallj 
localized but becomes systemic in course of time All these changes are 
reflected in the variety of symptoms manifested in the diseased condition, 
rangmg from stunting and resetting to wilting and drying up The con 
ditions leading to these are considered m detail in the following sections 

A Absorptton-^the Dysfunction of the Root 

Reduction in the efficiency of roots as absorbing organs is noticed 
in many diseases, such as root rots (Simmonds, 1939), viroses (Stubbs 
1947), and rusts (Johnston and Miller. 1934, Be\er, 1937) This results 
from root damage which may be produced in \arious wa>s 

1 Root Groivth Is Affected 

It IS generally assumed that root elongation and production of root 
hau-s significantly increase \\afer uptake by increasing (he absorbing 
surface m contact ^Mth tlie soil This is not necessarily true, since absorp 
tion IS not aU\a>s limited b\ tlie root surface in contact with the external 
medium, particularly if the water supply to the soil is adequate, but b\ 
internal factors, such as permcabiht> of root tissues the metabolic state 
of root cells, tlie capacity of the xjicm to conduct water and tJjc gradient 
of the diffusion pressure deficit between the soil solution and x\Iem sap 
(Kramer 1956c) In the case of diseased plants suffering from a serious 
internal w atcr deficit, how c\ er. tlic root dcnsita and extent are of consid 
crablo importance A sludx of mam examples shows that, wherexer fresh 
production .and growth of roots arc initiated, the plants Iiaxc a lictlcr 
chance of surxi'ing disease, for instance Mostafa (1951) demonslr itc<I 
that fungal filtritts often stimulated rooting in disease resistant \ancties 
and he claimed this to be the meclianism of rcsuslance m those pi ints 
Reduction m growth is cuiscd primanh b\ decrease in the wati r status 
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of plants This is because of a consequent increase in osmotic value, 
beyond the optimal, which reduces the intensity of vital activities 

Loss of turgor, due to decrease in water content, in the shoots is 
presumably accompanied by loss of turgor in the roots, resulting in 
injury to or destruction of root hairs and reduction in or cessation of 
root elongation Suberization of the epidermis and tissue differentiation 
are rapid with a corresponding decrease m root elongation and conse 
quent reduction in the proportion of root surface freely permeable to 
water (Kramer, 1950) 

Soil conditions affecting root growth include physicochemical proper 
ties of the soil, namely, texture, aeration, availability of moisture, and 
the total soil moisture stress In addihon to these, the presence of soil 
microflora, especially in the region surrounding the root — the rhizosphere 
markedly influences root development Many of these are known to 
synthesize and release into the soil medium metabolites which influence 
root growth and character (Norman, 1955, Brian, 1957) The capacity 
of plant roots to respond to externally applied (present?) growth factors 
varies in different species (Kato, 1957) Generally, only inhibitory effects 
(on root elongation) have been reported, smee the auxin content of 
intact roots is normally above optimum (Aberg, 1957) In the bakanae 
disease of rice, an interesting situation presents itself The pathogen 
Gihberella fu^kuroi secretes gibberellms which have growth stimulatory 
properties, but this effect is seen only in the shoots while root growth 
IS inhibited The other apparent effects of the microbial mantle, such as 
owenng the oxygen tension and mcreasing the CO^ concentration, may 
also affect growth and extent of the root system Farr (1924) presented 
evi ence for the inhibition of root hair production in the presence of 
the pathogen Fusanum lycopersici m susceptible tomato varieties 
whereas the resistant varieties behaved normally Generally, root hair 
production is mhibited by lack of oxygen (Snow, 1905) It is logical to 
expect a lowered oxygen concentration around the roots of plants sup 
porting quantitatively higher rhizosphere microfloras It is well estab 
IS e ^ ^ ® of many diseases that susceptible varieties exert a 
greater rhizosphere effect than their resistant counterparts 

2 Roots Are Injured 

An extensive destruction of the root system precedes the appearance 
of above ground symptoms in the case of root rot, foot rot, and other 
diseases caused by primitive root infcctmg fungi In many wilt diseases 
however, extensive Ulmg of the root system is postponed until after 
the host succumbs to the disease Death of the root system seems to be 
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less serious than the functional alteration m a living root system In the 
former case, the osmotic barrier of the root is destroyed and water flows 
into the shoot by mass flow, whereas in the latter, a metabolic depres 
Sion of the root cells causes a decreased absorption Damage to tips and 
younger portions, rather than older parts of the roots, is more detri 
mental to the plant Effects of root infections in several cases are com 
parable to mechanical root injuries m many respects (cf Ludbrook, 
1942, Sunmonds, 1939) Crandall et al (1945) report that the symptoms 
of a loss of color of the foliage, followed by wilting m the broad leaved 
species and dieback m conifers, do not appear unbl the roots are almost 
completely rotted Heavy mfection by certain cereal rusts has resulted 
in a rapid and severe deteriorabon of the root system characterized by 
discoloration, decrease m the number of fibrous roots, and marked loss 
m weight (Johnston and Miller 1934, Murphy, 1935) 


3 Permeability of Hoot Cells Is Altered 

Permeability of root cells may be affected in many ways by disease 
Changes m the metabolic status of cells affect the active uptake of water 
by them The changes m the osmohc gradient, which agam is controlled 
by metaboho changes to some extent as LundegSrdh (1946) pomts out, 
may alter the osmotic movement of water through the roots 

As we have seen earlier, a water deficit occurs during disease and 
this results m a reduction m the hydration of the protoplasm which 
leads on to a depressed metabolic activity The metabolic activity of roo 
cells IS also subject to the action of external factors such as microb.a 
activities and their consequences m the rhizosphere the amount of 
oxygen and nature of salts present m the surrounding medium, etc The 
poLibihty that water absorption like salt accumulabon is not mere > 
L equiliLum process but may mvolve an internal secretion permliar to 
cells which are still able to gron. is suggested b> the ivork of Benne 
Clark et al (1936) Internal water deficit and the presence of growth 
depressants (antibiotics and growth factors) in the environment retarc 
grLth of root cells and mliib.t synthetic processes, the latter my sen 
Lsly interfere wiU, permeability Root cel s subjected to the ae ion of 
anhLties, such as polymyxm. liberate their yll contyts into the 
medium and it is quite reasonable to expect that metyohtes which 
™e produced in soils around the roots affect the root cells m a sun, hr 
way (Norman. 1955) Moremer, any injury to root « Is results in a leak 
ace of cell contents into the medium As , nile healthy cells do not lose 
their contents, while injured cells do (Hclder, 19a6) It may >c 
able to presume that substances ndi m nutnent yaluc arc exuded from 
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diseased roots, thus providing a good substrate for increased microbial 
activity This, in turn, could be expected to change the O 2 and CO 
concentrations, bringing about further changes in root function 

Where root cells are killed, tliey lose their selective permeability 
Thus, there could be an indiscriminate entry of toxic substances — of 
plant and microbnl origin — and minerals (Kramer, 1951) Man> symp 
toms observed in aerial parts of diseased plants may be traced to such 
a nonselective passage of substances through the damaged root system 
How toxic materials affect living cells has already been described Plants 
affected by diseases such as foot rot and root rot exhibit signs of mineral 
deficiency (Jenkins, 1948) A mineral imbalance causes injury to leaves, 
such as mesophyll collapse observed in citrus (Sokoloff et al, 1943) A 
pronounced ionic derangement has been noticed in the Fusanum wilt 
of cotton (Sadasivan and Kalyanasundaram, 1956, Sadasivan and Saras 
vvathi Devi, 1957) All these data strongly point to the fact that there is 
a dysfunction of the root system resulting in a loss in selective permeabil 
ity and absorption 

B Conduction — the Dysfunction of Conductive Elements 
The problem of separating the factors affecting absorption from tliose 
affecting conduction is a difficult one since both the processes are inter 
dependent Fluometric studies by many workers (Melhus et al, 19^4 
Ludwig 1952, Dimond and Waggoner, 1953b, Beckman et at, 1933) 
reveal that the rate of flow of water in stems of diseased plants infected 
with vascular parasites is reduced considerably Many authors claim that 
wi ting of the affected plants is due to an impairment in conduction 
^wers (1954) attributes the cause for wilting in tobacco affected by 
black shank as due to the impairment of water movement through the 
esions produced m the stem by Phytophthora parasitica var nicotianae 
Key worth (1953), working on the Verticilhum wilt of the hop, found 
t lat t le severity of leaf symptoms is determined by stem invasion The 
rnean rate of flow is less than half as great in stem tissues of soybean 
p an s inva e by the fungus Cepkalosponum nregatum as in healthy 
^sue of comparable stem size (McAlister and Chamberlain, 1951) 
These workers also find an mverse relationship between the degree of 
b^o^vnlng m the vascular system and the rate of water flow The occlu 
sion of conductive elements in the petioles of leaves seems to be of 
greater significance than that m tlie stems inasmuch as there is httle 
scope for circumventing this obstruction, due to lack of an alternate 
path for conduction and absence of secondary thickening 

Tlie various materials that are known to contribute to the dysfunction 
of conductive elements inelude the physical presence of tlie organism 
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and/or products of its chemical activity in the conductive elements The 
reaction of the host tissues to the presence of the organisms in its interior 
also contributes a share in the production of occluding materials A 
consideration of the nature, origin and effect of these on water flow is 
presented in some detail below 


1 Vessels Are Choked 

a Organisms A mechanical blockage of vessels has sometimes been 
attributed to wefts of hyphae growing freely into the lumen of the ves 
sels and m the case of bacterial diseases to slimy colonies of the patho 
gens Grieve (1941) demonstrated m tomatoes and potatoes infected 
with Bacterium solanaceanim^ that the progress of absorption in relation 
to invasion was closely similar to that of transpiration under the same 
conditions Where the parasite was inoculated at the stem ^apex no 
reduction in absorption took place before the bacteria had overrun 
and blocked several root vessels after growing doivnward through the 
stem The distribution of tlie organisms m the vascular tracts was usually 
found to be vertical rather than lateral and, hence the chances of tlie 
vessels’ gettmg blocked by the lateral spread of the pathogen are 
negligible and those vessels that are not infected initially remain com 
paratively free of mycelium Although the presence of the organism m 
the lum4 of vessels is noticed by many workers, the madequaiy of 
such an obstruction to cause the marked changes observed seems to have 
been realized by them This phenomenon however, merits consideration 
as a contributory factor to the reduction m water flow 

b Enzymes Tlie production of pect.c enzymes by a number of 
vascular wilt pathogens and tlieu role m P=>*ogenes.s have been investi 
gated in detail in recent years (Scheffer and Walker 19^, Gothoskar 
et al , 1953 1955, Waggoner and Dimond 19^. ^mil and Wood 19o6, 
Subr^manian, 1956, Lakshminarayanan, 1957) These enzymes act on 
the middle lamellae exposed at tlie pit region and liberate pect.e acids 
and other products of partial hydrolysis of pectin uhich form gels com 
bining with metals If the hydrolysis proceeds further gum formation 

Sfio— i »»l “■> 1«71 D.II 

^ r 1 * ovari ^Pllnloh tic cnz>Tnes In\ e been noticed in the bacterial ill 
pectol) 1 C Pseudomonas soJanaccarum (Husain and Kciman 

° t that these cnz>'incs arc produced in oao suggests tlieir 

breakdown commonK obseraed in tliesc diseases 
importance aifferent eases. I.o^e^cr, seem 

aty"and this determines the extent of tissue brcakdowai Tlie presence 
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of met'illic ions, particularly heavy metals (Subramanian, 1956) and 
alkaline earth salts (Lineweavcr and Ballou, 1945), influences their 
activity m vitro The production and activity of these enzymes also vary 
with the composition of the medium m which they are built up, such as 
the nature of the carbon source (Waggoner and Dimond, 1955) and on 
the chemical nature of the substrate on which they act — the degree of 
esterification in the case of peebn ( Lmeweaver and Jansen, 1951 ) Gau 
mann and Bohni (1947a, b), studying tlie effect of nutnent solution on 
the production of pectinase and pcclase by Botrytts cinerea, showed the 
former to be developed independent of the chemical composition of tlie 
medium, whereas the latter, which splits tlie methyl alcohol in pectin, is 
largely adaptive, bemg produced m quantity m the presence of pectin, 
but only m traces witliout it The substrate for pectinase is provided by 
the action of pectase which de esterifies the pectin The hydrolysis of 
pectic acid by pectmase is essentially zero until 45 to 50^ of the bonds 
are hydrolyzed This shows the synergisbc action of both these enzymes 
on the breakdown of pectin This is especially significant when we realize 
that pectase is largely adaptive, depending on the presence of pectin in 
the substratum 


The action of the pectic enzymes on the middle lamellae of the vas 
cular elements is to macerate the tissue and this results m the develop 
ment of vascular plugs (Pierson et al , 1955) In tomato cuttmgs treated 
^th commercial pectic enzyme preparations, this effect is seen clearly 
The xylem walls appear to be thinned out and the plugs formed by the 
enzyme action are stained by ruthenium red revealmg their pectic 
origm A characteristic vascular discoloration has been observed m many 
wilt diseases and this has been attributed to the action of parasitic 
enzymes such as pectin methyl esterase (Winstead and Walker, 1954) 
^ e phenols resultmg in melanoid pigments (Davis 

et al, 1^53 Waggoner and Diraond, 1955, 1956) Phenols are liberated 
mm p enohe glycosides on hydrolysis by p glucosidases or by shunting 
f hgnm formation The lignin content of cells of 

m e p ants was shown to be lower, thus providmg evidence for this 
possibility (Davis and Dimond, 1954) The polymenzation of phenols 
appears to take place in the living cells of the xylem parenchyma The 
substrate for fungal p glucosidase is contamed in the cells of xylem 
parenchj-ma and IS made available only after a certain amount of tissue 
maturation by the achon of pectic enzymes Thus, the action of tliese 
^ reactions in the xylem resulting m 

p ggmg and discoloration Gaumann et al (1953) isolated a fraction 
from the fungal eitrates of Ftisanum lycoperswt responsible for vascular 
discoloration the nature of which seems to be that of an enzymatic 
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protein The exact manner m which this brings about vascular discolora 
tion IS not known, perhaps it is one of these enzymes that takes part in 
the above mentioned sequence of actions Chamberlain and McAlister 
(1954) report that the rate of water flow m diseased soybean stem 
affected by “brown stem rot” is mversely proportional to the degree of 
browning m the vascular system indicating the action of these enzymes, 
bringmg about a reduction m water flow 

c Gums and Gels Considerable evidence has been adduced to show 


that pectic degradation resultmg in the release of gel and gum forming 
substances takes place in the conductive elements and causes consider- 
able obstruction to the efficient translocation of water to the leaves Dark 
colored gums have been found in oak wilt (Struckmeyer et al, 1954) 
and these may also contribute to vascular discoloration The presence of 
gum in other cases of wilts is not detectable m the early stages, but 
appears only after the onset of wilting (Dimond. 1955), its formation 
IS preceded by the appearance of homogeneous granular and gra> 
matenal which is not preserved in fixed and stained sections, but is 
detectable only in Iivmg material This happens because the dehydration 
m the process and the hydrophilic nature of the matenal do not permit 
Its preservation It is likely that the dehydrated granular mass lies 
adpressed to the xylem wall , , i i i 

d Polysacchandes Polysacchandes »nd 

known to cause wilting in tomato (Hodgson ct a], 1949, Gaiimann 1901, 

Scheffer and Walker, 1953) These '“T J 1947 "’d motd 

products of fungal and bactenal growth (Hodgson ot al , 194 , Dimond 
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Sion of the xylem tissue and an inwardly directed pressure Tracheal 
tubes which happen to he in the path of the hyperplastic cells are 
crushed and their lumen completely obliterated In cases where a con 
siderable proportion of the circumference of the xylem cylinder is 
invaded by the hyperplastic growth, it is readily conceivable that the 
water supply to the top might be cut off In stems of plants infected by 
the crown gall organism, Bacterium tumefacicns, such hyperplasia is 
known to occur and these stems conduct considerably less water than 
normal (Melhus et al , 1924) 

f Tyloses Occlusion of vessels by formation of tyloses resulhng m 
impaired water flow has been noticed in many vascular diseases coinci 
dent with the appearance of wilt (Sleeth, 1933, Beckman et al , 1953, 
Struckmeyer et al, 1954) The formation of tyloses is attributed to 
various causes such as the presence of the parasite, or a reaction to the 
toxic substance produced by the parasite or to a chronic water shortage 
(Sarmah, 1956) Struckmeyer et al (1954) found the formation of tyloses 
preceding the development of wilt symptoms and claim that this is 
the cause and not the effect of an impairment in conduction Abundant 
tyloses were observed m melon plants infected with Tusarium niveujn, 
their occurrence being apparently correlated with the presence, quantity* 
and proximity of the fungus (Sleeth, 1933) Powers (1954) also suggests 
that tyloses and gums are the mam causes of obstruction of water move- 
ment in black shank” of tobacco, rather than a result of previous rupture 
of the water columns He indicates that the development of tyloses and 
gums m the vessels of diseased stems is induced primarily by the toxic 
effects of the decomposition products of the invaded cells which are not 
carried very far from the infection court The formation of tyloses seems 
to be in no way restricted to a case of mfection, since they are found m 
the heartwood of even healthy trees when conduction ceases In this case 
the formation of these outgrowths into the xylem seems to be due to the 
exposure of the inner walls to air columns but injury also stimulates their 
production Gum formation is sometimes attributed to the stress m the 
water column m the conducting vessels (Klotz 1948) and it seems to 
be the normal defensive reaction of the host to mechanical, climatic 
toxic, or parasitic stimuli (Bertelli, 1948) In cases where tyloses are 
observed, rarely are they enough to cause complete obstruction and, 
therefore, these cannot be considered as wholly responsible for wiltmg 
and necrosis arising out of an acute water shortage 

2 Viscosity Changes 

Tile release of gums m the vascular sap may cause a change m the 
Mscosity of the tracheal fluid In some bacterial wilts the viscosity of tlic 
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tracheal fluid in the infected plants appears to be higher and Ludwig 
(1952) demonstrated an inverse relation between viscosity and the rate 
of sap flow However, Dimond^and Waggoner claim that the xylem sap 
m mfected tomato plant does nijt'show considerable cliange in viscosity 
compared to healthy ones and, therefore, this factor does not appear to 
contribute to the reduction in water flow in the case of V usanum wilt 
of tomato (Dimond and Waggoner, 1953b, Waggoner and Dimond, 
1954} 


3 Gas Embolt 

The formation of gas pockets m water columns of the infected xylem 
has sometimes been suggested as the cause of a water shortage at the 
tops of plants (Tochmai, 1926) This theory was advanced on the basis 
of the observations that the flax wilt organism. Fusartum Urn, produces 
considerable amounts of CO^ m cultures m vitro That gas em o appear 
in normal plants has not been completely overruled yet ^d we do not 
know how far th.s phenomenon would result m the breaking up of the 
cohesive forces m the water columns If however, the bubbles do no 
exceed the critical size, they are usually dissolved the rohesion of 
the water column is maintained Scholander ^ ihnt m^smte 

\^ter They studies have mdicated that 
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4 Some Considerations on “Bcduclion m Water Flow 

, t .i.„ rncnlnnism by which water is transported to 

A consideration o elements becomes mipcrative m order 

the leaves throug i (j,nce of the various harriers to the free flow 

to assess the relative P • .| p, advanced, the cohesion thton 

of v^cular stream Among 

of Dixon and Jolly ( cntirclv Many other theories Inve 

does not P , i,n,c, notable among them being the vitilis 

been advanced from time envisaging a role of pumping 

tie theories Arstsugl^st^hv^ 

action m the upwarU .1 ^ number of investigators 

Altliough tliis_vvas sc jg 3 , j „,p ^„ativlic 

(Benedict. 192i, 'jpnip consideration Pcircc (1931. 1936) dii 

theories seem to imuu 



334 


D. SUBRAMANIAN AND L. SABASWAIHI-DEVI 


cussed the complexities of the phenomenon and concluded that it is not 
purely physical in nature. He observes that water is moved through the 
plant by physical means; however, when the living cells surrounding the 
vascular tissues are killed by heat, cold, or poisons, the conducting system 
is rendered functionless. The function of tlie living cells seems to consist 
in “maintaining a continuous but many phased water mass in the capil- 
lary body of the plant, conditioning but not compelling the ascent of sap 
(Greenidge, 1957). Handley (1939), from his experiments on the effects 
of low temperature on the sap ascent, believes that a chain of living 
cells continuous from roots to leaves is involved in the ascent of sap 
Many other theories have also been proposed but they are largely based 
on one of these described above, i.e., physical or involving the participa- 
tion of living cells. Lundegardh (1954) suggests, as an alternative to the 
cohesion hypothesis, that the forces involved in this phenomenon are the 
complex of capillary suction in the medium sized tracheids, electrocapil- 
larity and other surface phenomena, while larger tracheids and vessels 
are air filled and play no role in conduction. Tbe activity of living cells 
seems to be involved in the movement of water in trees. In contrast to 
the cohesion theory, Lundeg^dh considers that only a small proportion 
of the total water in the xylem is mobile and the transpiration stream 
is confined to this relatively free fraction. It seems that “capillary forces 
in cooperation with the adsorptive qualities of the wall substance and 
the osmotic imbibition of the living tissues in the stem are so successfully 
contributing to the maintenance of a continuous sheath of water that an 
ascending sap stream can be maintained by a real suction pressure 
originated in the transpiring leaves of moderate height perhaps even less 
than one atmosphere” (Greenidge, 1957). 

Viewed in the li^t of the present state of knowledge on the mecha- 
nism of water transport in plants, the relative importance of the various 
barriers considered above becomes obvious. According to the cohesiou 
theory and that advanced by Lundegardh involving surface forces, the 
state of the vessel walls assumes a great importance. By the action of the 
enzymes of the pathogen the composition of the vessel walls is altered, 
with the release of hydrophilic substances having different surface 
properties. The release of large molecules occluding capillaries of the 
intercellular and intermicellar spaces would seriously interfere with the 
upward movement of sap Tyloses and mycelial fragments jutting into 
the water column in the vessels would cause a frictional drag and reduce 
the laminar flow If, however, vessels are not actively concerned in the 
aswnt of sap. as suggested by Lundegardh, the presence of tyloses, gums, 
gels, or gas emboli assume httle significance. If the part played by the 
living cells of the xylem is of considerable importance, their being 
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affected by the enzymes and/or toxins would seriously interfere with con- 
duction Moreover, formation of tyloses, gums, or otlier occluding mate- 
rials IS neither extensive nor universal m occurrence, nor is it specific to the 
diseased condition Hence, the importance of these bamers would be 
either very great or otherwise depending on the evact nature and mecha- 
nism by which water is moved upward The limited significance of the 
results accrumg from fluometric studies brought forward to explain the 
reduction m water flow in mfected stems thus becomes obvious inasmuch 
as they measure only the turbulent flow of water through the stem under 
a constant pressure head which does not even approach the approximate 
condition in which water flow takes place in living plants In the present 
state of knowledge, it is difficult to try to explain precisely the phenom 
enon of the ascent of sap and on this depends tlie relative importance of 
the barriers interfering with the flow of water 


C TranspiratiOTi~~'the Dysfunction of Leaf and Stomates 
Enhanced transpiration is a feature commonly accompmjing patlio- 
genesis This is primanlj due to the removal of tlic natural protection 
afforded by the cuticle and by the loss of sensitivity of stomates to 
respond to changes in leaf water content Also, an increase in permcabil 
ity of leaf cells responsible for the availability of water at the evaporating 
surface tends to increase the rate of loss of water from the leaf tissues 
During pathogenesis the increased water loss from the tissues operates 
as a consequence of one or the olher or all of tl.c abo^o mcnt.oncd 
derangements, for mstance. Phasaolus coccmcus inoculated «ilh Cri- 
syphe pohjsom loses water more rap.dl) at n.gl.t and less so durmg the 
day tl,an htaldry plants, showmg tl.at the mam factor caunng .ncrcasrf 
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tion; but soon a condition of water deficit developed both in the contiol 
and in the rusted leaves as a result of transpiration, and the stomates con- 
sequently closed; transpiration decreased and finally became cuticular. The 
rate of water loss from the infected leaves at this stage was higher than 
that of control plants, presumably due to the enhanced permeability to 
water of the injured cuticle over the pustules and to the incomplete 
closure of the stomates. In general, the rusted leaves continuously lose 
water more rapidly and dry out sooner widiout any time for the recovery 
of internal water deficit. Similar enhanced rates of water loss are Imovvn 
in the case of virus diseases also, e.g., tomato plants infected with tobacco 
mosaic virus and tomato spotted wilt virus. Changes in the water rela- 
tions seem to be among the early reactions of the affected cells to virus 
proteins and the primary effect of the virus appears to be on cuticular 
transpiration rather than on stomatal behavior (Selman, 1945). 

1. Leaf Surface Is Reduced 

Extensive reduction in leaf area is brought about by various aberrant 
growth phenomena in leaves due to attack by pathogens. Leaf spot dis- 
eases considerably reduce the proportion of healthy leaf cells essential 
for the development of a suction force adequate to cause a flow of water 
into the leaves. Other deformities, such as leaf roll, leaf curl, and little 
leaf, caused by various viruses which induce imbalanced or inhibited 
growth and expansion of the lamina, also act in the same manner. De- 
foliation of leaves is a feature accompanying many leaf infections and 
this seriously interferes with the uptake of water by plants. In addition 
to reducing the suction force developed by the leaves, such injuries to 
leaves lead to many far reaching consequences, such as a derangement 
in the metabolism, starvation due to reduction in the assimilatory tissue, 
leading to a progressive degeneration and a disturbed auxin balance. 

In addition to the external deformities, certain anatomical changes in 
the affected leaves are brought about as a result of infection in certain 
cases. Peach leaves infected by Taphrina deformans exhibit such a de- 
formity resulting in thickening of leaves The palisade cells multiply and 
lose their usual elongated shape and become isodiametric. Structural 
changes have been noticed in certain virus diseases also, e.g., potato leaf 
roll, tobacco leaf curl, little leaf of brinjal, etc. (Bawden, 1950). Meso- 
phyll deformation has been observed in cranberries infected by 
b^idunn oxycocci In these cases the mtercellular spaces are completely 
obliterated and the leaf becomes stiff. SUffening is sometimes caused by 
toxins as in the case of lycomarasmm action on tomato leaves. Tlie exact 
manner in which this effect is brought about by toxins is not kno\\’n. 



WATER IS DEFICIENT 


337 


2 Leaf Cells Are Damaged 

Damage to leaf cells is caused by both the physical and the chemical 
action of the parasite 

a Necrosis Infection takes place either through the stomates or 
through the cuticle In the latter case, a rupture is caused either by the 
pressure of the growing germ tube or by the dissolvmg action of the 
enzymes that are secreted by the tip of the advancing germ tube The 
growth of the organism inside the leaf tissue may be intercellular or 
intracellular, in either case, tlie spread of the organism mvolves con 
siderable damage to leaf cells Pectolytic and cellulolytic enzymes are 
secreted by the spreading mycelium dissolvmg the cell wail material 
The action of these enzymes on the walls of the leaf cells seems to bnng 
about maceration and rotting, culminating m killing of the tissues In 
other cases, although such extensive damage to cell walls is not noticed, 
the protoplasts are killed and their death is accompanied by accumu- 
lation of phenolic substances which turn brown on aging and impart that 
hue to the dead cells Considerable change m the constitution of the 
protoplast IS brought about by the action of the parasite resulting m 
vanous chemical reactions interfering with the utilization of inorganic 
phosphates The excretion of phosphorus in the intercellular spaces by 
cells which normally retain this element is accompanied bv an mtemal 
secretion of phenolic substances forming coacervates (Humphrey and 
Dufr^noy, 1944) The coacervate formation affects the metabolism of the 
cell and the distribution of nucleotides and phosphoproteids with the 
resultant decompensation of respiration The latter process may assume 
various degrees of seventy, a mild form permitting the survival of the 
host cells, while severe damage results in the development of character- 
istic, hj'persensitive, necrotic lesions In the case of "wildfire" disease of 
tobacco the affected cells are starved and become devoid of starch and 
sugars Oil droplets accumulate and the plastids are disintegrated Fat 
soluble yellow carotene pigments, on destruction of chlorophjll, become 
evident m the \ello\\ halo produced around the spots Tlie action of tbe 
toxin, reported to be functional in this disease, is through competitive 
inhibition, preventing the utilization of L-metliiomne (Braun, 1950) 

In the case of wilt diseases a different txpo of jn;ur> is discernible 
The earliest xisual sjmptom of veinclcanng is observed m the case of 
rtisanum udt of cotton and tomato ( Satx’anarax ana and KaKanasiin 
daram, 1952, Foster, 1916) In cotton leaves showing xcincleanng lus- 
tologic examination reveals a disintegration of the phsticls in the cells 
adjoining the veins It has been suggested tint tins is caused bv flie 
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translocated toxins tint permeate the leaf tissues through the veins (Kal 
yanasundaram, 1954) Similai symptoms have been observed m most 
virus diseases but the clcinng of \ems in these instances appears to be 
due to a suppression of formation of plastids rather than their disintegra 
tion (Sheffield, 1938) Long befoie the appearance of definite vcinclear 
ing symptoms the veins and veinlets in tlie leaves exhibit a characteristic 
fluorescence (Fig 1) when viewed under ultraviolet light (Subba-Rao, 
1954) As stated earlier, the hvmg cells are exposed to the action of 
fungal jQ glucosidases which act on phenolic glycosides inside the cells 
hberatmg conjugated phenols An injury caused by such liberated 
phenols results in increased transpiration (Dimond, 1955) 

It becomes evident that the changes tal^g place in the leaves would 
result not only in increased loss of water due to destruction of forces 
that retain water against evapo transpiration, but also in tlie progressive 
deterioration of the suction force normally developed in them which, 
when transmitted to the roots, facilitates absorption 

b Permeability Changes Depending on the extent of injury to cells 
an mcrease or a decrease in permeability to water occurs When 
mjury is severe enough to result m death of cells, a marked m 
crease in permeability to both water and solutes occurs Permeability 
of protoplasmic membranes is maintained by continued expenditure 
of energy provided by respiration and any change in respiration affects 
permeability accordingly Factors that inhibit growth also inhibit the 
uptake of water by cells In the case of plants infected by various 
parasites, depending on the type of injury each produces, corres 
ponding changes occur m cell permeability to water An mcrease m 
permeability of bean leaves infected by powdery mildew and rust 
was reported by Yarwood (1947) Increased permeability may be 
brought about through a direct action on the plasma membrane, result 
mg m leakage of cell contents Sudi a mechanism has been proposed for 
the action of lycomarasmm one of the wilt toxins produced by Fusariita\ 
hjcopersici This results in the destruction of osmoregulatory functions of 
the protoplasts, causing a release of water from the cells Fusaric acid, 
another wilt toxm identified m the diseased cotton and tomato plants, 
increases the permeability of cells to water at low concentrations, al 
though a decrease is observed as the concentration of the toxm increases 
Many of the other fungal toxms/antibiotics, e g , altemanc acid, penicil 
he acid, patuhn, streptomycm, etc, have been sboivn to impair perme- 
abil^ even at very low concentrations (Gaumann et nl, 1952) 

The exact manner m which these diverse groups of substances bring 
about the changes m permeability is not yet known However, it m'ly 
be possible to imagine that they act upon one or more of the permcabiht) 
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barriers of a cell, namely. (1) the cell wall, (2) the protoplasmic mem- 
brane or plasmalemma, (3) the protoplast itself, and (4) the tonoplast. 
For instance, cellulolytic and pectolytic enzymes produced locally or 
transported through the transpiration stream might bring about dissolu- 
tion of the walls of leaf cells, thereby eliminating or weakening one of 
the barriers, tlie effective functioning of which is necessary for main- 
tenance of turgor. The implication suggested here is that when proto- 
plasts are enclosed by rigid walls, their permeability may be decreased 
or increased, depending on their turgidity (Brouwer, 1954). Polysac- 
charides and other large molecular carbohydrates, either produced by 
the parasite or due to breakdown of starch resulting from a condition of 
water deficit in leaves, may also affect the permeability of leaf cells by 
blocking the intermicellar capillaries in the cell walls and cause an irre- 
versible impairment to movement of water. The action of substances on 
the protoplasts causing a change in permeability and water retaining 
capacity seems to be brought about in many ways, such as an interfer- 
ence with the rates of metabolism that maintain the colloido-chemical 
properties of the protoplasm, the protoplasmic membranes, synthesis of 
carrier ions, etc, 

c. Osmotic Changes Changes in osmotic pressure result from vari.i- 
tions in water content and from variations in solute concentration. Tlic 
continued loss of water through transpiration, coupled with an made- 
quate supply of water, produces an increasing water deficit which 
initiates a chain of reactions, in addition to causing an increase in 
osmotic pressure. Hydrolytic processes, rather than synthetic processes 
arc stimulated, and tliis leads to the formation of osmotically active 
solutes, the accumulation of these in the cells, due to changes in respira- 
toiy activity, contributes to an enormous increase in the osmotic pressure 
of sap in the cells. In some cases, as in the Fusoritim wilt of cotton, an 
ionic imbalance in the leaf cells as shown by spectrochemical studies 
(Sadasivan and Kalyanasundaram. 1956, Sadasivan and Saraswathi-Devi, 
1957) and conductivity studies (Gnanam, 1956), has been noticed. The 
net effect of infection in these cases appears to he an imbalance between 
monovalent and divalent cations, as indicated by the loss of potassium 
and accum\d.\lion of calcium, manganese, magnesium, etc. (Sadasivan 
and KaK.masundaram. 1950, Sadasivan and Saraswathi-Devi, 1957); such 
M\ imhalaucv is known to inffueiKV the permeahilily of cells to svaler 
.uul. constHjuenlU . tlieir osmotic pnwsure (Osterhout, 1916). An ionic 
imhalantv is also known to proditev protoplasmic shrinkage, resulting in 
a w.iler loss (C)sterhout. 1950) and lliis suggests tli.it tlie toxemic coiuli- 
tion protluced hy m.m\ of the wilt toxins proh.ihly is preceded hy an 
ionic itnh.ilance, le.idmg In tlie nlMixc changes. 
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d Water Status of Leaf Tissue It will be evident from an examine 
tion of the sequence of events described above that more water is lost 
from the leaves than is replenished and the water deficit progressively 
increases, culminating in tlie death of cells A study of the metabolic 
patterns in the leaves of plants infected with various pathogens reveals 
the existence of a serious mtemal water deficit For instance an mcrease 
in the amount of reducing sugars, nonprotein nitrogen, conductivity of 
the sap, and respiration has been observed in the Fusarium wilt of 
cotton (Sadasivan, 1957) This reflects a condition of water deficit 


3 Pathological Loss of Water 

The loss of water from diseased plants, which exceeds water intake 
IS brought about by the disruption of cuticle dysfunction of stomata 
and mcreased permeability of leaf cells by die action of the pathogen 
This excess leads to a progressive decrease m fresh weight not to men 
tion the other important changes in the vital functions of the plant 
Transpiration is essentially a passive process and in the absence of cem 
trolling influences, such as those exerted by cuticle, stomata and the 
diffusion pressure deficit of leaf cells would continue according to the 
evaporating power of the atmosphere An excess of transpirahon over 
absorption is a phenomenon of daily occuirenre m normal healthy plants 
when conditions favor this process, but soon the controlling effect of the 
above mentioned factors comes into play and checks its continuation 
This does not appear to happen in the diseased plant However the loss 
of turgor and consequent wiltmg under pathogenesis appear to be 
brought about, not only by the excess of water loss, but by changes lead 
mg to the destruction of osmoregulatory mechanism of the leaf cells and 
hence, the rate of transpiration does not seem to indicate all the aspect 
of pathological wiltmg This fact becomes obvious from the experiments 
where wiltmg is induced m excised shoots treated with toxm and placed 
m a saturated atmosphere where the rate of transpiration is neghgibly 

low (Gaumann, 1951) It would thus appear that 
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of the otlier phenomena associated witli pathogenesis. The general con- 
dition of water imbalance in diseased plants is associated with a derange- 
ment in its absorption, transport, and/or transpiration and is often 
accompanied by a disturbance to the various otlrer basic processes, such 
as carbohydrate and nitrogen metabolism, respiration, and mineral up- 
take. A study of tlie metabolic processes that contribute to the main- 
tenance of a normal water balance would, therefore, be necessary in 
order to understand the principles involved. For instance, the changes in 
the osmotic pressure of cells and tissues, contributing to the maintenance 
of a proper gradient facilitating absorption of water and its internal 
redistribution to various organs to maintain their hydration at an 
optimum level, depend on the balance between hydrolytic and synthetic 
processes. These processes, in turn, are influenced in no small measure 
by the ionic balance in the tissues. It would thus appear that a dis- 
turbance m any one of these would initiate a chain of reactions and 
would lead to an imbalance of various key metabolic functions, and it 
is very likely that disease arises out of a disturbance to any one of these 
interrelated processes. 

The present state of knowledge, in the absence of a complete picture 
of the simultaneous changes in all these processes which are linked 
closely to one another, would at best indicate a correlation rather than 
a causal relation between the various phenomena accompanying a dis- 
ease. It is implicit that one should exercise utmost caution in attempting 
to define the cause of a particular derangement, in the absence of col- 
lateral studies of various interrelated processes. It looks as if the consti- 
tution of the cell is such that its different reactions would be funneled 
in a way that would primarily affect its water balance. It is, therefore, 
reasonable to presume that the primary effect of a disease is on the water 
status of the cells, which reflects in the various derangements in metabolic 
functions, leading to a progressive degeneration of vital activities, cul- 
minating in deatli. Thus, it seems to be verily true that “the fire of life 
bums in water.” 


References 

Aberg, B 1957. Auxin relations in roots. Ann. Reo. Plant Physiol. 8: 153-180 
Abms, W 1924 Weitere Untersuchungen uber die Abh;ingigl.eit des gegenseitigen 
Mengenverhaltnisses der Kohicnhydrate im Laubblalt vom Wassergehalt Botan. 
Arch. 5: 234-259 

Alekseeve, V A 1951, Influence of the water regime on the production of auxins and 
growth of plants DoUadtj Alad Nauk SSSR 81: 93-96 
Anderson, D B , and T. Kerr. 1943 A note on the growth behaviour of cotton bolls. 
Plant Physiol 18: 261-269. 



WATER IS DEFICIENT 


343 


Bawden. T C 1950 “Plant Viruses and Vum Diseases/ 3rd ed Chronica Botanica. 

Waltham, Massachusetts pp 335 , . - d v ineo uncf r^rmn^es 

Beckman, C H, J E Kunta. A J Biker, and J G Berbee 1953 Hos^esponses 

associated with the development of oak wdt Phytopathology ^3- «8^S4 
Benedict, H M 1927 Application of Boses theory of sap rise to tea species 

BenrClai:/ A^r'il'jretmvood, and , W B„.mr^ 19^6 Water relations and 
osmotic pressures of plant cells New Phylologtst 35 277-291 
Bertelli, J C 1948 Histopatologia de las lesiones 

persienSieb et Zuce ) and 

Bever, W M 1937 InSuence of stripe rust ' 

•'iik'lf'.." 1" 

s„.rs'.s"S‘»X 1"—. 1- 

York pp 277 u „ action of a bacterial toxm on plant cells 

Braun, A C 1950 The mechanism ol ^Mn 

Proc Natl Acad Set U S 36. c r „1ants Ann Reo Platt Physiol 

Brian, P W. 1957 Effects of antibioUcs on higher plants n 

8 : 413-426 . the looU of Vteia faha at vanous transpiration 

Brouwer, B 1954 Water absorption by the or r 

strengths Iff f ^ M JhstCT 1954 Factors affecting the development 
Chamberlain, D W, and D F Mc^sl« ^ 

of brown stem rot of soybean ^ ^ ^ jg 45 disease of Castatca 

Crandall, B S, G F Gravatt, and M H By 

species and some coniferous “ ' leg^lSO 

tophthora crnnamomi and role of phenols in Fusenum 

~"d «t^cl,ugated phenols in the 
Davis, D , P E Waggoner, and A B 

D.mlirE^Pa'thogenes^'nfl.^ ^'■ysiol 6. 

32^^50 ^ . E M Stoddard, and J G HorsfaU 1949 An evalua 

Dimond, A E, G H control for combating Dutch elm disease 

tion of chemotherapy n-,// 1571 

Conn Agr ^Waggontr 19S3a On ’the nature and mlo of laiotorms 

Dimond, A E , and 1 229-235 

m plant Ebl/ropo' “ economy of Fiisormm nillcd 

Dimond, A E , and F fa _ 619-623 

tomato plants f "97 epinastic symptoms in 

Dimond, A E , and F E ph„tovathologij 43: 663..669 

Dixo!,"h‘“h TpM ■Ss^a.iim and the Amen, of Sap in PlanU " Macmillan, 

Dixo^^H H rndTjofy 18®= On the ascent of sap Phil Twts Roy Soc Utdot 

Farr,"^*?! fhM CeUular in.einction between host and parasite Phytopathology H: 

Fosi^E 1946 -nietet 7X736°-' S“'‘ olennng of the ultimate sein 
lets in the leaf Thytopathohs^J 3S 691-*J4 


344 


D. SUBRAMANIAN AND L. SADASWATHI-DEVI 


Gardner, M W 1925 Ilj^perplastic cruslimg of tlic traclical tul)Cb m mosaic tomato 
stems Phytopathologtj 15: 75J1-761 

Gaumann, E 1951 Some problems ol puliological wilting m pi mis Advances m 
Enzymol 11: 401^37 

Gaumann, E 1957 Fusanc acid as a wilt toxin Phytopathology 47: 342-357 
Gaumann, E , and E Bohni 1947a Ober adaptive Enzyme bci parasitiscben Pilzcn 

I Hclv Chim Acta 30: 24—38 

Gaumann, E , and E Bohm 1947b tlber adaptive Enzyme bci parasitischcn Pilzcn 

II Helv Chim Acta 30. 1591-1595 

Gaumann, E , and O Jang 1947 Dio physiologischcn Grundlagcn des pansilogeiien 
Welkens 1 Bcr schwetz botan Ges 57: 3-34 
Gaumann, E , St Naef-Roth, P Rcusscr, and A Amm inn 1952 Ober den Emfluss 
eimger Welketoxme und Antibiotica auf die osmotischen Eigcnschaften pflanz- 
licher Zellen Phytopathol Z 91: 160-220 
Gaumann, E , C Stoll, and H Kein 1953 Ober Vasmfuscarm, em drittes Welketoxm 
des Fusarium lycoperstet Sacc Phytopathol Z 20: 245-247 
Gnanam, P 1956 Conductivity studies m cotton plants infected by Fusartnm vasin- 
fectum Atk Proc Indian Acad Set B44; 125-129 
Gothoskar, S S , R. P Scheffer, J C Walker, and M A Stahmann 1953 The role 
of pectic enzymes in Fusarium wilt of tomato Phytopathology 43: 535-536 
Gothoskar, S S , R P Scheffer, J C Walker, and M A Stahmann 1955 The role 
enzymes m the development of wilt of tomato Phytopathology 45: 381-387 
Gottlieb, D 1944 The mechanism of willing caused by Fusanum hulbigenum var 
lycoperstci Phytopathology 34* 41-^9 

Gteenidge, K N H 1957 Ascent of sap Ann Rev Plant Physiol 8’ 237-256 
Gregory F G F L Milthorpe H L Pearsc and H J Spencer, 1950 Experimental 
studies of the factors controlling transpiration II The relation between transpira- 
tion and leaf water content } Exptl Rotany 1 15-28 
Grieve, B J 1941 Studies in the physiology of host-parasite relations 1 The effect 
of Bactenum solamcearum on the water relations of plants Proc Roy Soc 
Vtctoria [NS] 53. 268-299 

Hackett, D P , and K V Thiraann 1952 The nature of the auxin induced water 
uptake by potato tissue Am / Botany 39: 553-560 
Handley, W R C 1939 The effect of prolonged chilling on water movement and 
radial growth in trees Ann Botany (l^ndon) 3: 803-813 
Hcith O V S 1949 Studies in stomatal behaviour II The role of starch in the 
light response of stomata Part 1 Review of literature and expenmenls on the 
relation between aperture and starch content in the stomata of Pelargonium 
znnale Neu) Phytologist 48' 186-211 

Helder, R J 1956 The loss of substances by cells and tissues (salt glands) In 
Encyclopedia of Plant Physiology” (W Ruhhnd, ed ), Vol 2, Chapter IV 
Spnnger, Berlin pp 468-^88 

Hodgson, R , A J Riker, and W II Peterson 1947 A wilt inducing polysaccharide* 
from crown gall bacteria Phytopathology 37; 301-318 
Hodgson. R, A J Riker, and W H Peterson 1949 The toxicity of polysacchandes 
and otlier large molecules to tomato cuttings Phytopathology 39: 47-62 
Humphrey. H B , and J Dufrenov 1944 Host p insito relationship between the oit 
®PP ^ cro^vn rust (p«ccfnfa coronata) Phytopathology 34: 

Uursh, C R 1928 The reactions of plant stems to fungous products PJij/topotJioIogy 
18: 603-610 



WATER IS DEFICIENT 


3 ' 


Husain, A , and A Kebnin 1957 Presence of pectic and cellulolytic enzymes 
tomato plants infected by Pseudomoms sohnaceartim Phytopathology 4' 
111-112 

rl)in, W S 1957 Drought resistance in plants and physiological processes Ann Re 
Plant Phystcl 8 : 257-274 

Jenkins, \V A 1948 Root-rot disease complexes of tobacco in Virgmia I Brow 
root rot Phytopathology 38: 528-541 

Johnston, C O , and E C Miller 1934 Relation of leaf rust uifection to yieJc 
growth and water economy of two vanetres of wheat / Agr Research 49 
955-981 

Kalyanasundaram, R 1954 Soil conditions and root diseases XIII SyTOptomatolog) 
of Fijsnrjiwi wilt J Indian Botan Soc 33 329-337 
K dyanasundarun, R , and C S Venkata Ram 1956 Production and systemic trans 
location of fusaric acid in Fosarium infected cotton plants / Indian Botan Soc 
35: 7-10 

bamal, M , and R K S Wood 1956 Pectic enzymes secreted by Vertictllium 
dahliae and their role in the development of wilt disease of cotton Ann Appl 
Biol 44; 322-40 

Kalo, J 1957 Physiol Plantarum (quoted from B B Stowe and T Vamaki 1957 
Tlie history and physiological action of the gibberellins Ann Rev Plant Physwl 
8; 181-216 ) 

Kelly, S M 1947 The relation between respiration and wafer uptake in oat ooleoptile 
Am J Botany 34; 521-526 

Kem, H , and D Kluepfel 1956 Die Bildung von Fusarinsaure durch Fosarltim 
lycoperstci in cwo Experientia 12 181—182 
Kem, H , and B D Sanwal 1954 Untersuchungen uber den StolFwechsel von 
Fusanom hjcopersict mit Hdfe von radioaktivem Kohlenstoff Phytopathol Z 
22- 449-453 

Keyworth, W G 1953 VerttctRmm wilt of the hop VI The relative roles of root 
and stem in the determmafion of wdt seventy Ann Appl Biol 40 344-361 
Khtz, L J 1948 Citrus twig dieback Cahf Ciirograph 33 381 
Kramer, P J 1933 The intake of water through dead root systems and its rehtion 
to the problem of absorption by transpinng plants Am / Botany 20* 481-192 
Kramer, P J 1950 Effects of wilting on the subsequent intake of water by plants 
Am J Botany 37 : 280-284 

Kramer, P J 1951 Causes of injury to plants resulting from flooding of the soil 
Plant Physiol 26* 722-736 

Kramer, F J 1955 IVater relations of plant cells md tissues Ann Rev Plant 
Physiol G- 253-272 

Kramer, P J 1956i Water content and water turnover m plant cells In *Enc> do 
pedia of Plant Physiology' (W Ruhland ed ), Vol 1 Chapter II Springer 
Berlin pp 194-222 

Kramer, P J 1936b Physical nnd physiological aspects of water absorption In 
■“Encyclopedia of Plant Physiology’ (W Ruhland ed ) Vol 3 Chapter III 
Springer, Berlin pp 124—159 

Knmer, P J 1956c Roots as absorbing organs In “Encyclopedia of Plant Pliysiol 
ogy" (W Ruhland ed ), Vol 3 Chapter III Spnnger, Berlin pp lSS-214 
Lakshmmarayanan, K 1957 In vivo detection of pectin methyl esterase in Futaritim 
wilt of cotton Woturutascnschaftcn 44 * 93 
Lakshminarayanan K. and D Subramanlan 1935 fs fusaric acid a vivotoxin’ 
Xaturc 176: 697 


346 


D SODRAMAMAN AND L S\TIASWA1IU-DLVI 


Levitt, J 1951 Trost, drought and hcit resislincc Ann Rev Plant Physiol 2: 

245-268 , , ..r, , 

Levitt J 1956 Significance of hydration to the state of protoplasm In Encyclo- 
pedia of riant Physiology’ (W Ruhland, e<l ), Vol 3, Chapter VI Springer, 
Berlin pp 650-651 

Lmeweaver, H , and G A Ballou 1945 Tlie effect of cations on the activity of 
alfalfa pectinesterase (pectase) Arch Btochem 6: 373-387 
Lmeweaver, H , and E F Jansen 1951 Pcttic enzymes Advances in Enzymol 11: 
267-295 

Lmskens, H F 1955 Der Einflus der toxigenen Welke auf die Blattausscheidungen 
der Tomatenpflanze Phytopathol Z 23. 89-106 
Ludbrook, W V 1942 Root amputation experiment with wheat under dry condi- 
tions m relation to attack by Ophiobohts gramlms J Council Sd Ind Research 
15 121-134 

Ludwig, R A 1952 Studies on the physiology of hadromycotic wilting in tom ito 
plant MacDonald Coll J Ser Tech Bull 20. pp 39 
Lundegardh, H 1946 Transport of water and salts through plant tissues Nature 
157. 575-576 

Lundeg^irdh, H 1954 The transport of water m wood Arhv Botan [2] 2: 89-119 
McAlister, D F , and D W Chamberlain 1951 Water flow through soybean stems 
infected with brown stem rot Plant Disease Reptr 35. 318-319 
MacDougal, D T , J B Overton, and G M Smith 1029 The hydrostatic pneumatic 
system o£ certain trees Movement of liquids and gases Carnegie Inst Wash 
397 99 pp 

Melhus, I E , J H Muncie, and W T Ho 1924 Measuring water flow interference 
in certain gall and vascular diseases Phytopathology 14 580-584 
Meyer, B S 1956 The hydrodynamic system In ‘ Encyclopedia of Plant Physiology’ 
(W Ruhland ed ), Vol 3 Chapter VI Springer, Berlin pp 596-814 
Mostafa, M A 1954 Adventitious root formation by fungal pathogen metabolites as 
a possible mechanism of disease resistance Nature 174‘ 86-87 
Murphy, H C 1935 Effect of crown rust infection on yield and water require 
ments of oats / Agr Research 1* 387-411 
Norman, A G 1955 The effect of polymyxin on plant roots Arch Biochem Btophys 
58 461^77 

Northen, H T 1943 Relationship of dissociation of cellular proteins by incipient 
drought to physiological processes Bofan Gaz 104* 480-485 
Orton, W A 1902 U S Dept Agr Bur Plant Industry Bull 17: 9-22 
Osterhout, W J V 1916 Specific action of barium Am / Botany 3 481—482 
Osterhout W J V 1956 The role of water in protophsmic permeability and m 
antagonism J Gen Physiol 39. 963-976 
Peirce, G J 1934 Observations on sap hydraulics Am J Botany 21: 211-227 
Peirce, G J 1936 Are living cells involved m the ascent of sap? Am J Botany 23. 
159—162 

Fetne, A H K , and J G Wood 1938 Studies on the nitrogen metabolism of plants 
I Relation between the content of proteins, ammo acids and water m tlie 
leaves Ann Botany (London) [NS] 2: 33-60 
Pierson, C F,S S Golhoskar, J C Walker, and M A Stihmann 1955 Histological 
studies on the role of pectic enzymes in the development of Pusanum wih 
symptoms in tomato Phytopathology 45: 524-527 



WATER IS DEFICIENT 




Powers, H R. Jr 1954 Tlie medianKm of willing .n tobacco plants affected by 

black shank Fliytopathohetj 44: 51S-521 . „„i r 

Rabmowitch. E I 1945 "Photosynthes.s and Related Processes. Vol Interscence, 

B (^^\vadleish 1952 Sod water and plant growth In 'Sod 

Rosene, H F. 1947 Re%ersible azide mhibition ot oxygen y 

sadatl x;s^‘L^r 

uptake of ions by plants I ■»o L 

S“'~ —1 ■■ •■■- 

Scheffti^H P.andJ C Walker 1953 Hie physiology of Fosar, on. wdt of tomato 

Phvtopalhology 43: . ,041 influence of sod moisture on photo 

^^’'-'stSes^ ::poln"ard on —bon of apple leaves Ffan, Fhysiol Ifl. 

SchofaS F. W D Love and , W Kanwisher 1955 The rise of sap in tall 
SchoWeVrFf'rBSlnd H Leivestad 1957 The rise of sap in a tropical 
sllS’{’w"\t 4 rv.ms' infection and water loss in tomato foliage I Pomol 

Shefflil^M L 1938 Veincleanog and veinhand.ng induced by Hyoscyamus .11 

SimnfoXp^M iS's^t development in relation ,0 root rots of cereals Sc. dgr 

19. 475-480 ^t,„n<rpn zum Durreeffekt 1 Morphologische Straktur 

Simonis, W 1952 Untersu pj^ tpsynthese feucht und trocken gezogener Pflan 
Wassergehalt, Atmung xmd Photosym 

zen Planta 40: c.„nce of penmnent xxdtmg pcrcentigc in studies of 

Slatyer, R O 1957 The ^ gg- 585-636 

plant and sod water Fumriiim interim to the formation of tyloses in 

Sleeih R 1933 Relationship ot ri 

melon plants (Abstr ) g^n 1931 Ascent of sap in plants Bolen 

Smith F , R B Dustman, and l. 

Gee 91- 39^^ Jpvelopraenl of root hairs Bolen Gee 40- IS-48 
Snow.L M 1900 I] , f Tnrocl 1943 Ph>sioIogieal disturbaneo m 

Sokoloff, V P. L J Cro. Lcetca 23- 8-10 

SpoehTHrmOm^wAoIodrate economy of cacti Cerncglc Inst ll’e.;. FeW 
No 287. \lilner 1939 Starch dissolution and am>Jotic actiMtx of 

'Xcai” r^rdn. VM Soc 81- 31-78 


318 


I) SUnn\MAM\N AND I SMUS%N AHII 1)1 \ 1 


SlocUr O 191b Ikiingc 7u tint r Hit otl< tier nurrtnsittdi? J Itwtii 25 *11^10:3 
Stocking C U 1936 !I>drition and cell i)li>Molo{0 Jn rnc>clopc<ln of Plinl 
rhjsiology (W Ilnhlind cd ) \ol 2 Chapter HI Springer, Ilcrlm pp 2iWl7 
Slruckmc>er B L CM Beckmm J I Kuntz and A J Hiktr 19>1 Plugging of 
vessels b> t>lose^ and gums m wilting oaks Phytopitholopy 41 118-153 
Stubbs L L 1917 \ destructive vascular wilt virus disease of broad bean (ViciJ 
faba 1 ) in Victoria J Dept Agr Victoria 45 323-332 
biibba Rao \ S 1951 nuorcsccnce phenomenon in Fiisanose wilt of cotton / 
/lu/ian Botan Soc 33 443—145 

bubbi Rao N b 1937a fn t/eo detection of gilibenllie acid in ‘loot rot infected 
nee (Onjza iatito L ) Proc IniUaii Acad ^ci B45 91-01 
bulibiRao Ib S 1957b Studies in the genus rttsariutu with speeiil reference to 
toxicology Doctoral thesis, Univ \Iadris India 
bubramanian D 1936 Studies on the exinlrol of fungal wilts of plants Doctoral 
thesis Univ Madras India 

Tochinai Y 1920 Comparative studies on tlic pb>siology of rttsarium llnl and 
Collctotnchum hoi J Coll Agr HolXaltlo Imp Univ 14 171-230 
Van Overbeek J 1942 Water uptake by excised root s>vlcm of tomato due to non 
osmotic forces Am / Botany 29 677-C83 
Wiggoner P E and A E Dimond 1951 Reduction m water flow by m>cclmni 
in vessels Am / Botany 41 637-640 

iggoner P E and A E Dimond 1955 Production and role of cxtriccllular pectic 
enzymes of rcuantim oxysporum f lycopcrsici Phytopathology 45 79-^7 
Uaggoner P E and A E Dimond 1936 Polyphenol oxidases and substrates in 
potato and tomato stems Phytopathology 46 195-407 
\\ ame L G G 1942 The supply of water to transpiring leaves Am / Botany 29 
875-884 

Wilson C C 1948 Diurnal fluctuations in growth in length of tomato stem Plant 
Physiol 23 156-157 

Wmslead N Is and] C Walker 1954 Production of vascular brow-ning by metabo 
htes from several pathogens Phytopathology 44 153-158 
Yarwood C E 1947 Water loss from fungus cultures Am J Botany 34 514-520 
Yu T F 1933 Pathological and physiological effects of Bacillus froc/ieiphi/us 
E F Sm on species of Cucurbilaceac Nanking Coll Agr Forestry Bull [NS] 



Chvpter 10 


Alteration of the Respiratory Pattern 
in Infected Plants 


Kuzo Uritvm' and Tanasiii Aaazavva 


Laboratory of 
Nagoya 


Btochcrntm AgrwuUure 

UmtcTStty An/o, Aicht Japan 


I 

II 


III 

IV 

V 


Introduction 
Respintory Increisc 
A Mcclnnisms Controlling nespintion 
D Bespintory Increase of Diseased Pl-mts 
C The Inhibition of the Pasteur Effect 
D Activation of Enzyme Systems 

The Hexose Monophosphate Increase 

to Defense Mechanism, 

of the Host 
References 


349 

351 

351 

355 

365 

367 

370 

375 

378 

383 


I Introduction® 

i_ ... .TiPf-nholic changes observed in diseased plant tissue 
Among the '"‘‘"y ,),g ^ost fasematmg subjects From 

alteration of respnatio on this phenomenon, one can gam 

the biochemical mechanisms controlling metabolism in 

valuable elucidation of the underlying principles of 

plants on one ““ “ j, „„ the other Respiration occupies a cen 
the host pathogen re g^viding energy to support cellular processes 
tral part of mBt^^ohsm ^the ®from mspiratory metabolism is used 

and IS important reactions against pathogens An 

by the host to “ ^ „ typmal feature of the metabolism of 

increase in the respu / ,, 

.Present address Department of Biochemistry University of W.sconsm Madiso , 

Wisconsin are employed m this chapter ADP adenosme 

2 The following ah tnohosphite DNP 2 4 dinitrophenol DPV diphos 

diphosphate ATT “ oxidized diphosphopyntlme nucleotide DPNII rc 

phopyndme "’f nucleotide H M P hexose monophosphate Pi 

duced diphosphopyn , XPN tnphosphopyndine nucleotide, TP 

phospha^te TCA uclTOlide TPNH reduced triphosphop>Tidine nucleo- 

tide 
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Dcted plants and lias been studied vcr>' cvtcnsivcly Sometimes, when 
lathogenic attack on a plant leads to a degenerated condition, the 
>t’s rate of cellular catabolism may decline and come to a standstill 
us, eventually respiration will stop 

In healthy host cells, metabolism progresses in a well-balanced man 
r Since all organisms have some flexibility in controlling their metab 
sm, it can be assumed that they arc able to adjust their metabolism to 
new circumstance, so that with a slight environmental modification, 
e over-all reaction will not be altered significantly However, with a 
ore drastic change of circumstance, such as the presence of a pathogen, 
e formation of new metabolic pathways may be observed We can 
suahze this situation in the sequence below m which A is normallv 
inverted through intermediate B to C If the velocity of reaction Ki is 
jual to that of K-. then A is connected to C without accumulation of B 



\ 

K« Y 


lowever, if Ki is proceedmg much faster than K-» or the velocity of K-. 
I negligible, then B will accumulate and sometimes new reaction 
equences may be mduced K3 and K4 indicate those alternative or shunt 
lathways leading to new abnormal metabolites X and Y This type of 
aetabolic alteration has been observed in diseased tissues or organs 
dany factors affecting this metabolic alteration and varied reactions of 
lost tissue will be surveyed 

In this chapter,, four aspects of the alteration of respiration in plant 
tissues, infected by pathogenic microorganisms, will be discussed First, 
we would like to describe the respiratory increase of infected plants 
Several biochemical and physiological hypotheses have been put for 
ward to explain it and the information pertaining to this condition in 
infected plants will be discussed in detail The Pasteur effect will be dis 
cussed m connection with this, since some authors have obtamed experi- 
mental evidence showing a relationship between the respiratory increase 
and an inhibition of the Pasteur effect in diseased plant tissue The pos 
sibiUty that an alternate respiratory enzyme system is activated and 
participatmg m the respiratory increase will be considered together with 
the facts concerning the accumulation of some substances Second, we 
shall discuss the H M P pathway Since this is a recently elucidated path 
way for carbohydrate metabolism, few experimental results showing the 
operation of this pathway m the respiratory pattern of infected plants 
have been reported Third, we shall discuss some biochemical phenom 
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ena accompanying the respnatory change, such 
compounds mSaLlism of ammo acds. auxm, and 
logial functmn of tl^ese phenomena m 

Finally, we shall discuss the relationship TTnfnrtimatelv this 

JL,^ h- ..d 

elucidate the defense mechanism ^ important problems for 

In general, we have tried to p ^^ttered reports in this field 
future study ratlier than describing physiological and 

Although relatively little work has been are heUl ^ under- 

biochemical aspects of plant disease, severa pathogen relationships 
standmg the physiological P^lem^ oj hos p^^ 

(Allen, 1953, 1954, Racker, ^ js of plant diseases have 

1956, Farkas, 1957) The MOSS) their article contains a 

been discussed by F arkas and ' • Qj^dative enzymes of infected 
considerable number of reports j relation to resistance 

plants The alteration of liost respi „j^[gol,anism of Resistance in 
was discussed m a symposium /tjnai and Suzuki. 1956) 

Higher Plants," held in Japan m 1 ( 

II RESPinATOBi I.NCHEASE 

A Aleclmmsms Con, roll, Bcsp.rat.on 

not a phenomenon uniquely associated witli 
Respiratory increase is pathogen, but a kind of general 

a few plants mjured by a sp attacked by pathogenic micro- 

responsive reaction of t le p ‘ viruses As will be seen m 

organisms mcludmg lungi. • potatoes infected by Pome, 11, um 

Table I, it has been vhtilopMiora mfestans. and in sueet 

spp , Ceratostomella Jon '' ’ ^ Ccratostomclla fimbr,ata, or Hehco- 

potatoes attacked by Rl„~«P jpe reaction has also been obsen ed 

bos, chum mompa A ip seieral fungi It should be empha- 

m rice and wheat pi Hits u i parasites are able to evoke this 

sized that both obligate a' _ furthermore, simple chemic.al treat- 

respiratory >'’'=''‘='''“',"’,,,’mililion is also able to induce an incre.ise m 
ments or ni«>>-''’"'^ 

the respirators' rate of P “respiratory increase" ssliicli appears 

It IS necessary discussion In principle, oxygen uptake I^r 

frequently m the foil' ,„fecled plant tissue is measured and rom 
unit weight ;;'r Hi plant In most cases, it is determined for 

pared to that of all f ured tissue, this is then compared to 

the healthy tissue nil|<v>m 
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separable but closely connected to each other, continuous flow or supply 
of ADP and Pi is a prerequisite for the smooth progress of respiration. 
Oxidative phosphorylation without continual use of the synthesized high 
energy phosphate may result in a shortage of phosphate acceptor (ADP) 
and an eventual standstill of respiration will occur. As would be ex- 
pected, this situation may be overcome by the regeneration or further 
addition of phosphate acceptor (Lardy, 1952). There is some difflculty 
in obtaining conclusive evidence that this mechanism is actually func- 
tioning in intact tissue; however, based on experiments using a cell-free 
system, this is presumed to be the case. An intimate relationship between 
the concentration of phosphate acceptor and tlie rate of respiration was 
first clearly established by experiments using rat liver mitochondria 
(Lardy and Wellman, 1952; Siekevilz and Potter, 1953); thereafter, sev- 
eral workers using different materials have carried out the same sort of 


ATP ATP A0P*P. 



AOP^R ADP-P. ATP 

Fig. 1. Sites of ATP synthesis from ADP and Pi in the respiratory chain oxida- 
tion (Modified from Chance and Williams, 1956) 


experiment with a similar result. Now, provided the turnover rate of the 
ATP bre^down reaction— resulting in the generation of ADP— will 
regulate the rate of oxygen uptake in tissue respiration both in vivo and 
m vitro, any system accelerating the breakdown of ATP will increase 
the rate of respnation. There are several reaction sequences which will 

ATP + R — * ADP -f- R-P (R phosphate acceptor) 

utiUze and/or break down ATP. Therefore, our primary interest is to 
oo ^ ® exact mechanisms of these ATP-utilizing reactions in 

infected plants. 

However, the fact should be emphasized that, in some cases, concen- 
trations of mzymes and substrates can influence the over-all rate of 
respuahon. For mstance, a shortage of carbohydrate will suppress the 
respiratory oxidation when the infected host tissue is seriously degen- 
erated. Another example is the case in which synthesis of respiratory 
enzymes increases the rate of cellular respiration. 
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B. Respiratory Increase of Diseased Plants 
The increase in the respirator}’ rate of higher plant tissues infected 
with various parasites has been summarized in Table I. Additional data 
are presented in earlier papers by Sempio (1950) and Allen (1953). 
Their data are based on measurements of respiration and photosynthesis 
whidr were carried out using various infected plants and the generaliza- 
tion was made that the respiratory increase is a characteristic feature of 
host metabolism. On the contrary, recent work has been much more con- 
cerned wiUi the elucidation of the mechanism of the respiratory mcrease, 
.and is somewhat more biochemical and enzymaUc in nature. These newer 
observations have been selected in Table I. . r , j -.l 

Research on the respiratory increase of wheat leaves infected with 
powdery mildew (Erysiphe graminis) comprised one of the earliest re- 
ports (Allen, 1942). Allen (1953) implied that the respiratoiy increase 
of the rusted wheat leaves could be caused by the action of a phyto- 
pathogenie tosin which uncouples the oxidative phosphorylation of the 
Lst tissue His excellent article is, so to speak, a milestone m recent 
biochemical and physiological studies on the respiratory increase in host 
tissue, and evidently has stimulated many later workers Some workers 
have carried out their work to confirm Allens thought, while others 
have developed their work starting from his hypothesis. It was then 
orooosed that the active metabolism in the host leadmg to an increase 
in turnover rate of ATP breakdown might also cause the respiratory 
increase In his second arbcle, Allen (1954) also extended his idea and 
suggested that the synthetic processes, accelerated in plants when m- 
ferted with obligate parasites, may cause the augmented respiration. He 
did not obtain firm experimental evidence to prove his first hypothesis, 
but came to this conclusion based on an analysis of Sempio’s work 
is ■ 1950) As will be shown, the proposed action of a toxin is like 

th^of DNP which by its uncoupling action wili accelerate the break- 
do of ATP in host tissue. Consequently, respiratory increase may 
resuk. Millerd and Scott (1955, 1956) published ^o papers concerning 
the changes in the respiratory rate observed in barley leaves infected 
with powdery mildew caused hy Erysiphe graminis. They prepared a 
crude extract from the infected brfey leaves and observed a slfeht 
respiratory increase in noninfeeted leavra when the extract was added. 
Partially purified extracts also showed a similar effect. Subsequent 
attempts to obtain evidence of toxin prirfucUon in rusted wheat and 
rusted salHower have been unsuccessful (Farkas and Kirdly, 1955, Pal) 
and Sayre, 1957). However, the Hungarian group has just obtained 
experimental data to support the onguial hypothesis of a toxin nieclia- 
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nism proposed b> AUen That is, m the leaf tissues of the rust infected 
wheat, acid-soluble orginic phosiihale decreased, concomitant uitli an 
increase in Pi (Pozsar and Kiraly, 1958) 

One can consider many possibilities for the bioclicmical action of a 
phytopathogenic toxin, of which uncoupling would be just one Let us 
consider some other aspects of toxin effect in relation to host respiration 
The following are examples of toxins or toxin containing extracts which 
have been isolated from the culture media of pathogens and/or from 
infected plants Evaluation of their pathological relation should be made 
very carefully, as mentioned b> several authors, since phytopathogenic 
toxins isolated from the cultural filtrates of pathogens have not always 
been found in infected plants (Dimond and Waggoner, 1953, Scheffer 
and Walker, 1954) 

The recent work of Wheeler et al (1958) on the mode of action of a 
toxin — victorm — produced by Helminthosporium victoriae is of extreme 
interest These workers examined the effect of victonn on the respiration 
of tissues of oat varieties Treatment of root, shoot, or leaf tissues of 
intact seedlings with victonn resulted m twofold to fivefold increases in 
the rate of respiration This response of the plant was detectable after 
2 hours and it reached a maximum after 4 to 10 hours With susceptible 
oat varieties, victonn caused a respiratory increase 2 to 3 times greater 
than that caused by DNP The important fact, however, is that victonn 
had no effect on the respiration of oat varieties not susceptible to Helmm 
thosporium vtefortae, whereas DNP affected both types of varieties An 
other interesting observation is that homogenates of tissues treated with 
victonn showed threefold to fourfold increases in the rate of oxidation of 
ascorbic acid but no corresponding increases in activities of the cyto 
chrome or pholyphenol oxidase systems It appears that the effect of 
victorm IS not due to the uncoupling action but is more complicated 
Taman and his group studied the nee plant disease caused by 
Piricularia oryzae and succeeded in isolatmg two toxins from both the 
culture medium and severely mjured plant tissue (Taman, 1955) One 
of them a picolmic acid has a chemical structure similar to that of fusanc 
acid, the second substance found was named pincularin Fusanc acid 
was first isolated from the culture medium of Gtbberella fujikuroi and 
identified by Yabuta and his co workers (1934) Both « picolmic acid and 
fusanc acid inhibit porphyrin containmg enzymes by a chelating action 
(Taman and Kaji, 1953) Tlie chemical structure of pincularin has not 
been conclusively demonstrated, although it has been isolated m a 
crystalline form From his observations on the physiological properties 
of pincularin, Taman has stated that the mode of action of this toxin 
is as follovss Polyphenol oxidase which might function as a normal 
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terminal oxidase m the rice plant is mhibited by piricularm, because it 
forms a complex with tlie substrate, chlorogenic acid Thus, the metab 
olism of rice plant will consequently be damaged Relatively high con 
centrations of piricularm mhibit the respiration of the rice plant 
(1 to 4 X 10 ^ gni per liter) Houever the respiration of plants treated 
with very dilute solutions (1 X 10 gm per liter) of this substance shows 
an increase of 10 to 15?, presumably because of the response of the plant 
to the toxin, and not because of an uncouplmg action of the toxin As 
will be discussed m more detail later, the assumption that polyphenol 
oxidase acts as a terminal oxidase in nee plant should be considered 
with caution 

Paqmn and Waygood ( 1957) have examined the effect of toxins of 
Fusartum oxtjsporum f Itjcopersici on the enzymatic activity of mito 
chondria in the tomato hypocotyl At a concentration of 10 ^ M both 
lycomarasmm and fusanc acid mhibited the activities of succmic oxidase 
and cytochrome oxidase, but the mhibibon could be completely reversed 
by the addition of a catalytic amount of cytochrome c They postulated 
that the possible effect of lycomarasmm on mitochondria may be m part 
an alteration of their structural integrity, thus leading to a diffusion of 
cytochrome c from the particles They also discussed these observations 
in connection Avith the tomato wilt symptoms caused by lycomarasxnin 
Their opmion is somewhat different from the earlier idea that lyco 
marasmm destroys the selective permeability of the plasma membrane 
of the host cell (Gaumann and Jaag, 1947) Fusanc acid has already 
been shown to have an inhibitory action on the respiration of tomato 
tissue (Naef Roth and Reusser, 1954) It appears that frequently a toxm 
can act as a respiratory mhibitor rather than as an uncoupling agent 

Arzichowsl^aja (1946) isolated a crude toxm from the cultural 
medium of Botrytis cinerea and showed that the respiration of both 
infected and healthy cabbage leaves infiltrated with the toxin was aug 
merited In 1942 it was reported that substances isolated from the culture 
medium and mycelium of Gtbberella saubmetii stimulated the respiration 
of potato tuber (Helhnga, 1942) The author suggested that this sub 
stance was likely to be pantothenic acid Following a similar procedure 
Indian workers examined the influence of cultural filtrates of several 
species of Fusarium on the respiration of cotton and observed an increase 
or decrease of tissue respiration depending on the species of Fusanum 
used (Lakshmanan and Venkata Ram 1957) Since several compounds 
such as organic acids, ammo acids, and vitamins, present in the cultural 
filtrates, have been shown to cause an mcrease in the respiratory rate of 
the plants, they assumed that these substances are probably playing a 
role m stimulating host respiration In this case, however, the compounds 
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are very lively accelerating the respiratory rate by providing substrates 
for respiratory oxidation by the plant 

As a guide for future study on the pathogenicity of microorganisms 
from the standpoint of respiratory alteration, it is worth while to refei 
to the elegant work of Pappenheimer (1954) on the diphtheria toxin 
He studied the biosynthesis of the toxin in Corynebacterium diphtheriae 
and obtamed evidence that it may be a cytochrome component of this 
bacteria From his further study on its inhibitory effect on the respiratory 
system of silkworm, it appears that the pharmacological action of the 
toxm may be attributable to a blockage of cytochrome synthesis m 
susceptible animals According to this mechanism, the toxm w ould 
undoubtedly disturb the cell economy of the host either by the total 
disturbance of the respiratory pattern or by inhibiting oxidative 
phosphorylation 

It is conceivable that some metabolic substances formed m the m 
fected host tissue may have a biological action more or less similar to 
that of a toxin produced by pathogens and functioning in the respiratory 
increase of the host This possibility has been examined in the case of 
sweet potato black rot, a disease caused by Ceratostomella jimbriata It 
has been found that ipomeamarone, a substance produced as an abnormal 
metabolite of infected host tissue (see Fig 7), has a stimulating action 
on the respiration of sweet potato when used in low concentrations 
(30-50% increase at 4 X 10 ® gm per liter) Higher concentrations, 
on the other hand, lower the respiration of sweet potato (50% inhibi- 
tion at 4 X 10 “ gm per liter) (Untani ct al , 1954) Since ipomeamarone 
exerts an uncoupling action on the oxidative phosphorylation of sweet 
potato mitochondria, the nature of the respiratory increase in sweet 
potato infected uith black rot fungus could be explained by means 
of an uncoupling action of ipomeamarone However, analysis for the 
presence of ipomeamarone has shown that this substance can hardly 
be detected in the health) portion of an infected sweet potato, a 
region where respiratory increase is observed Therefore, it is diffi- 
cult to beliexc that the major portion of the respiratory increase is 
attributable to the uncoupling action of ipomeamarone We would 
rather consider the action of this substance as a side effect in the 
rcspiratorv increase Tlic mam function of ipomeamarone in the host- 
palhogcn relationship ma) he in its fungitoxic nature and necrotic action 
atjamst the host The quantitv of ipomeamarone accumulating in the 
infected part of sweet potato is around 10 mg per gram fresh weight 
in most cases (Urilani and Akazawa, 19551)) Tins concentration is suffi 
cicnl to produce an inhibitor) effect on both the host and the pathogen 
(Table II) 
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lABLt. XI 

UFSriRATION AM> I OnitATIOS OF PoLTPHFVOUS AND IrOHEAMARoNE 
IN SwFET Potatoes IsrrctED ^vrrni Ccralostomella fimhriala 


Respiration^ 

rolyphcnols Ipomeamarone 


Vnnetj 

Resistance* 

Oxygen 

uptake 

(Kl/hr) 

% Increase 
o\er 

control 

(mg/gm 
fresh weight 
of tissue) 

(mg /gm 
fresh weight 
of tissue) 

Korin No IQ 

+ + + 

173 

70 

NotanaI>zcd Not analyzed 

Norm No 1 


140 

87 

4 6 

18 9 

Chugoku No 5 


ICO 

60 

3 9 

19 8 

Nakamtirasaki 

+ + 

144 

55 

4 1 

14 5 

Okinawa No 100 

+ + 

140 

118 

3 2 

9 4 

Ivanto No 35 

+ 

134 

56 

3 6 

8 9 

KenroKu 

4- 

132 

142 

4 7 

9 4 

Suigcn 

- 

123 

45 

4 3 

9 8 

Norm No 5 

- 

88 

67 

4 4 

5 6 


* After Untani and Akazawa (1955b) Reproduced from Kagaku 

* S\\ect potatoes i\crc aUced (1-2 cm thick) and some of the slices ivere inoculated 
with a spore suspension of Ceralosiomella fimbnata the rest served as a control sample 
They were subjected to further analysis 

* The number of plus signs represents the degree of resistance of sweet potato against 
the pathogen m a decreasing order The mtnusj sign represents a susceptible variety 

After 48 hra inoculation ol the fungus at 25*0 , 20 slices, 0 5 mm thick and 7 mm 
m diameter each, were prepared from the healthy tissue adjacent to the infected region, 
and respiratory oxidation was measured manomctrically at 30°C Sound tissue was ob* 
tamed from the control sample and its respiratory activity was compared with that of 
the infected one 

Furthermore, there are two other possibilities bearing on the un- 
coupling type respiration m infected plants Smee activity of oxidative 
phosphorylation is closely associated \vith the biochemical structure of 
mitochondria, and since in some pathological circumstances plant mito 
chondna might be destroyed, respiratory oxidation would not be coupled 
to phosphorylation A second possibility is the operation of an alternative 
respiratory pathway other than the TCA cycle cytochrome system which 
does not link to the phosphorylation reaction Experimental findings con 
cemmg the activation of this system are discussed in the following sec 
tion, however, its relation to oxidative phosphorylation has not been 
studied thoroughly 

Another explanation for the mechanism of respiratory increase may 
be found in the active metabolism acoeleratmg the ATP utilizing reac- 
tions of host tissue, as suggested by several authors (Allen, 1954, Aka- 
ZrtWa and Untani, 1955, Tomiyama and Takase, 1956, Suzuki et cl, 
1957) Many anabohe processes requirmg energy undoubtedly accelerate 
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ATP breakdown and consequently increase the respiratory rate. In sup- 
port of the above mechanism, many characteristic features indicating 
activation of the metabolism of the host have been reported such as (1) 
accumulation, mobilization, and synthesis of phosphorus and carbon com- 
pounds, (2) growth of the host tissue, (3) synthesis of proteins includ- 
ing activation of enzymes and enzyme systems, and (4) increase in 
protoplasmic work, such as protoplasmic streaming (cyclosis). The 
over-all picture of these events is diagrammatically shown in Fig. 2. 


ATP-gcncrating system 


Glucose 


1) Glycolj tic-TCA cycle 

2) ncxoscmonophosplntc 
path'\\ aj -TCA cj cle 



ATP-utilizing sjstcm 

^ 

Synthesis of proteins 

Activations of enzymes. 

Synthesis of organic phosphate 
compounds. 

Syntlicsjs of pob phenols and 
othci compounds. 

AccnrnuHtion and mobilization 
of compounds 


Cell growth (hypertrophy), 
rormation of coik l.ajcr. 

Cclliil.'ii work (Increase in pio- 
tnpKsmic streaming and per- 
mcibiUt}. Decrease in v^^- 
cosity). ’ 


Uncoupling of ovulation in 
’ oxidative pho‘'phor} latinn. 

fctnicturc 

Pic 2 Relationship between respirator)' incrc.iso and ATP-iililizmg sj stems in 
infected plants 


TIic first case lias probably been stiirlicd most extensively and many 
articles on this subject using radioisotopio teebniquos have been pub- 
lished. Several workers have obsersed tile accumulation of P’= in the 
wheat Ic.ises infected with rust (Gottlieb and Gamer, 191C; Yanvood 
and Jacobson, 1933) Yarwood and Jacobson (1950) liavo also reported 
svivttue .ibsorptmn of S" by the infected leaves, llecentlv, this problem 
has liven investigated by Caiiadt.iii workers on a large scale (Sli.iw 
ft ol., 1931; Sliau and Saiiilxirski. lUoG), They li.ise esamint*<l tile assimi- 
lation ol CO:, the upt.ike and the distribution of P” .uid other radio- 
active organic substances— including carlmliydrates, organic acids, and 
amino adds around the spots on the cereal leaves infected with rust 
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and mildew The accumulation of glucose 1-C'^ occurs m the host tissue 
at the site of the fungus colonies and parallels the increase of respiration 
Interestingly, the accumulation was not observed in the tissue of the host 
hilled by the pathogens This accumulation was also inhibited by anaero 
biosis and by some phosphorylative and respiratory inhibitors like DNP, 
azide, or HgS The authors came to the conclusion that the accumulation 
and mobilization of carbohydrates and organic and ammo acids under 
pathological conditions are active processes closely connected with the 
respiration of the host Net synthesis of organic phosphorus compounds 
has been observed in sweet potato infected with either Ceratostomella 
■fimbnata or Helicobasidium mompa (Akazawa and Uritam, 1955, Suzuki 
et al, 1957) 

The work of Daly and Sayre ( 1957) is of interest for the discussion 
of case number 2 They have studied the relationship between cellular 
growth of the host and the increase m the respiratory rate of safflower 
mfected with Vuccmia carthami During the vegetative development of 
the pathogen the diseased hypocotyl elongated approximately t\vice as 
rapidly as did the healthy hypocotyl and showed a greater absolute 
length and weight with a concomitant doubimg in the host respiration 
They concluded that the abnormal growth of the rusted host demands 
energy, thus accelerating ATP breakdown and eventually enhancing the 
respiratory rate of the host This assumption elmunates the need for an 
uncoupling mechanism by a toxin Accordingly, they faded to get evi- 
dence of toxin production These authors emphasized the importance of 
study on the hormonal control of both the growth and the respiratory 
metabolism of the host A recent study on the physiology of host 
pathogen relationships usmg rusted wheat deserves detailed description 
(Samborski and Shaw, 1956) A few of their experimental results are 
shown m Figs 3 and 4 In Che case of susceptible species (Little Club), 
but not of resistant species (Khapli), of wheat infected with rust, h>'per- 
trophy was observed with a respiratory mcrease indicating the unbal 
anced elongation of the host cells under pathogenic infection Perhaps we 
can invoke a mechanism similar to that of Daly and Sayre for a possible 
explanation of the respiratory increase in rusted wheat Localized 
hypertrophy is frequentlv observed in hosts mfected by obligate parasites 
(Yarwood and Cohen, 1931) 

There are several reports on protein syoithesis and on the aclnation 
of enzjTTie systems in mfected plants and vve would like to discuss here 
the former subject m relation to case number 3 In sweet potato infected 
with Ceratostomella fimbnata, Akazawa and Uritani (1953) have ob- 
served the apparent sjoithesis of proteinous nitrogen with a concomitant 
increase in respiration Tomijama and Ins associates (1955, 1956) have 
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also demonstrated the fact that in potato tissue infected by Phytophthora 
infestans, a notable increase in water-soluble protein occurs. A similar 
result has been reported in sweet potato infected with Helicohasidium 
mompa (Suzuki et al , 1957). Activation of enzymes and/or enzyme 
systems to be discussed later also demands energy, consequently, respira- 
tory rate may increase. 



r>n 3 11.0 clnnsc in dr> wciglil after rust Jnfcctlon of the first leases of 

Uulo Chih (LC) and KInpU (K) wlicit specks Ordinate dr> weight of CO Ic.f* 
disci (tinmet. r 2 b iimi ) ns a i>crccntage of the weight of discs cut from unInfecU-d 
leases Ahsdvu dijs after inoadalions Cieli s>iidx)l represents a different esperl- 
IMm ) "" 'foni Cjnulmn Jo.in.al of 

nctiiit l.iocl.fniical kno^ledRc rcR.ir<]»n; the el.macli-rio respirator)' 
Incrcaso ol Iriiits Is iH'rtiiiciit to tins problem It bas l>cc» eencrolly 
iibstTxttl tluit tlic rcspinitor) rate of fruit Cnsttc gr.tdti.illy iMcre.isc*s in 
jts njH-mng proctu nnd reaches its maximum v.iluc just liefore complete 
riivning. An.i!\sls of nitrogenotts compounds In p.iralh l witli (IctennhuT 
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tions of the respiratory rate have been carried out during apple ripening 
(Robertson and Pearson, 1954; Hulme, 1955). Both groups have demon- 
strated the pronounced increase of protein content in fruit at the onset 
of the respiratory climacteric. Bobertsons group has also noticed a 
slight response of tissue respiration to DNP at the climacteric stage. 
Their conclusion is that the climacteric respiratory increase is caused by 



Fic. 4 Tile change in respiration after rust infection of the first leaics of 
Little Club (LC) and Khapli (K) wheat speaes. Ordinate oxygen consumption per 
10 mg dry weight per hour as a percentage of the value for uninfected leaves 
Abscissa, days after inoculation Symbols as for Fig 3 (After Samborski .and 
Shaw (1936). Reproduced from Canadian Journal of Botany) 

a net synthesis of protein requiring energy and that this accelerates tlie 
turnover rate of ATP breakdovvn. Tlus hypothesis is in striking contrast 
to that of an uncoupling one for the climacteric rise of avoc.ndo proposed 
by MilJerd ct a1. (1955). 

As to case number 4, all protoplasmic work dcm.ands cnerg>'. In- 
creases in protoplasmic streaming and permeability and viscosity de- 
creases which have been obsen’ed in infected plants may pla)’ a part in 
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the respiratory increase (Thatcher, 1942, 1943, Allen, 19i?3; Tomiyama, 
1954, 1955a; Greenham and Muller, 1956). Tomiyama observed (by 
means of a microscopic technique) an increase in the protoplasmic 
streaming of the midrib cells of potato when the plant is infected by 
Phytophthora infestans. 

To correlate the above mentioned metabolic events with the present 
hypothesis that respiratory increase is caused by a higher turnover rate 
of reactions utilizing ATP, we have to ascertain the concentrations of 
ADP and Pi and/or determine the ATP : ADP ratio in infected plant 
tissue as well as clarify the augmented activity of the ATP-utilizing sys- 
tems of the host. Since ATP and ADP are probably existing in steady 
state concentrations, the ratio ATP : ADP will be altered in response to 
an environmental change. It will be necessary to determine this ratio 
cautiously and the following two technical points should be kept in 
mind: (1) the analytical methods for determining absolute amounts of 
ATP and ADP are not very sensitive, and (2) there has not been any 
appropriate procedure for stopping instantaneously the metabolism of 
plant tissue. In order to substantiate the enhanced activity of ATP- 
utilizing systems, the followmg projects would be of great value: (1) 
elucidation of the intermediary metabolism of phosphorus using P®S 
(2) clarification of the nature of synthesized protein, and (3) demon- 
stration of tlie biochemical nature of cellular work. The experiments 
conducted by Loughman and Martin (1957) and Lougbman and Russel 
(1957) are germane for the discussion of (1). The incorporation of P®* 
into various organic phosphorus compounds in intact barley roots was 
investigated by using paper chromatography and a sensitive recording 
counter. After short periods of phosphate absorption, an intensive uptake 
of into the acid soluble phosphorus fraction which contains nucleo- 
tides was observed. This process was inhibited by DNP. There were 
differences in the distribution of phospbonis into the various fractions 
depending on the concentration of P’* supplied, but eventually they 
showed the status of phosphate metabolism of the plant tissue in the 
steady state condition Application of this procedure would be of great 
help in elucidating the phosphate metabolism of infected plant tissue in 
conjunction with the respiratory increase. 

Demonstrating an effect on respiration due to DNP is ver>' frequently 
used to show that the pliosphory’lative reaction is the limiting “pace- 
maker" in tissue respiration (Beevers, 1953). Exogenous addition of DNP 
to tissue will cause an extra output of respiratory oxygen, depending on 
the velocity of ATP-utili7ing reactions in the cells being studied. Akazawa 
and Uritani (1955) have surveyed the DNP effect on the respiration of 
the sweet potato infected with CcratostomcUa fimhriala and compared 
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the magnitude of respiratory increase with that of unmfected plants Two 
to four days after moculation, when the respiratory increase showed a 
maximum value, the percentage increase of respiration due to DNP 
addition was considerably smaller than in the health) control tissue At 
a later stage, when the respiratory mcrease of the infected tissue de 
dined, the DNP effect was almost the same as that m control tissue 
Other workers using wheat seedlmgs mfected with rust have observed 
a decreased respiratory rate in the DNP treated tissues m comparison 
with a positive DNP response in the healthy tissue (Kiraly and Farkas, 
1956) In the case of the rusted wheat studied by Shaw and Samborski 
(1957), a decreased percentage response to DNP was found in the 
infected tissue, although the actual response was the same with both 
mfected and uninfected tissues However, it should be emphasized that 
a weak response of host respuration to added DNP per se does not dis 
tinguish between the two alternative mechanisms of a rapid breakdown 
of ATP m cells either by (a) an uncouphng phenomenon or by (b) 
active metabolism which we are discussing now 

C The Inhibition of the Pasteur Effect 
In the physiological study on the rusted wheat leaves Sempio (1950) 
noticed the Pasteur effect ahohshment which concomitantly occurred 
with the respiratory mcrease As described before Allen (1953) analyzed 
Sempio’s data and proposed a mechanism for the respiratory mcrease 
by means of a Pasteur effect inhibition 

Generally, the Pasteur effect is defined as the mhih ifinn nf fpi-mpnin 
tion in Iivmg orcamsms. u nder aerobic conditions. It seems reasonable to 
extend the definition of this phenomenon to mclude reduction of carb o 
h ydrate breakdown u nder aerobic conditions with slight formation of a 
f ermentative produet: lik e ethanol or lactic acid Therefore, the abolition 
of the Pasteur effect will be considered to be a release of the suppression 
of aerobic carbohydrate breakdown as compared to the anaerobic one 
Many hypotheses have been proposed to interpret the Pasteur effect 
(Dickens, 1951) Accordmg to Johnson (1941) and Lynen and Konigs 
berger (1951), the Pasteur effect would be interpreted as follows due 
to the effective operation of oxidabve phosphorylation more ATP is made 
a\ailable via the aerobic breakdcnvn of carboh>drate tlian is formed 
under anaerobic conditions This results m a decrease m the concentra- 
tions of ADP and Pi nhich influences the activity of the gl> oeraldeh) de 
dehydrogenase system requirmg ADP, Pi, and DPN This enzyme is 
believed to be one “pace maker" of glycolysis and a decroise in the 
activity of this enzyme system ^vlIl subsequently decrease tlie rate of 
operation of tlie glycolylic pathway Die finding tliat uncouplmg agents 
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such as DNP and p nitrophenol mhibit the Pasteur e£Fect supports the 
hypothesized mechanism of Johnson and Ljaien Australian workers oh 
tamed favorable data that the Pasteur effect in plant tissue can be 
legulated by the concentrations of the phosphate acceptor system 
(Rowan et al 1956) Provided this mechanism operates in vivo un 
equivocally the Pasteur effect will be inhibited by any metabolic event 
which will increase the concentrations of ADP and Pi, either by the 
uncoupling or by the mcreased rate of cellular reactions requirmg ATP 
This IS therefore, very closely connected with the mechanism of mcrease 
m the respiratory rate 

Allen’s idea is that some toxins secreted by the pathogens might 
cause the abolishment of the Pasteur effect by their uncoupling action, 
subsequently mcreasmg the respiratory rate Farkas and Kiraly (1955) 
have proposed that the inhibition of the Pasteur effect is probably related 
to the respiratory increase in wheat leaves infected with rust and mildew 
In this case, they assumed that it might be inhibited by the uncoupling 
mechanism, but were unsuccessful in attempting to isolate a phyto 
pathogenic toxin Similarly, Japanese workers have shown that the abol 
ishment of tlie Pasteur effect m sweet potato (especially in the case of 
a susceptible variety) infected witli Heltcobastdtum mompa is associated 
with a respiratory mcrease (Suzuki et al, 1957) American workers 
have obtamed similar experimental evidence for an mhibition of the 
Pasteur effect in rust infection of safflower hypocotyl (Daly and Sayre, 
1957, Daly et al , 1957) The Canadian group has also noticed a marked 
reduction or perhaps absence of the Pasteur effect concomitant with the 
stimulated respiratory rate of rusted wheat (Shaw and Samborski, 
1957) 

In the field of plant physiology very often a ratio of anaerobic to 
aerobic carbon dioxide output 

Qob, 

larger than 0 33 is considered to mdicate the existence of the Pasteur 
effect m the organ or tissue examined (Turner, 1951, James, 1953a) In 
both Amcricm and Canadian reports, the ratios of the infected rusted 
plant tissues fell after inoculation to below 0 3 at the final stage of the 
infection as compared to those for uninfected plants whicli do not decrease 
markedh from a value of 0 5 to 0 0 Tlicrc was no increased anaerobic 
carbon dioxide formation accompan>mg the palhogcnically increased 
aerobic carbon dioxide formation From these obscr\ations, they assumed 
the predominant participation of the IIMP pathway in the respiratorj’ 
pattern of infected plants and obtained supporting experimental c\i* 
dtnccs as described m the next section Tlie predominant participation 
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ot this pathway in the infected plant tissue would reduce the numerical 
figure of 

Qco, 

and may explain the abolition of the Pasteur effect 

It has been shown recently that the Pasteur effect occurs when mito 
chondrial preparations exist together with a glycolytic system (Aisen 
berg and Potter, 1957, Aisenberg et al, 1957) The data of these 
workers suggest that suppression of the carbohydrate breakdown might 
not be regulated by the concentrations of ADP and Pi but by some 
unstable system existmg in a steady state form m the oxidized mito 
chondria This system may be mhibiting hexokmase or phosphofructo 
kinase Providmg this mechanism operates m oivo, carbohydrate break 
down could be regulated by ‘oxidized mitochondria’ rather than by the 
concentration of ADP m Jivang organisms This hypothesis is reminiscent 
of the theory of Engel’hardt and Sakov (1943) on the mechanism of the 
Pasteur effect, which was proposed 15 years ago According to these 
workers, phosphofructokmase is very sensitive to oxidizing agents gen 
crated in respiratory oxidation It would be interesting to investigate in 
diseased plants the mechanism of abolition of the Pasteur effect in terms 
of these theories 

None of these hypotheses can thoroughly explain abolition of the 
Pasteur effect in diseased plants In addition to the determination of the 

Qwi 

ratio, more detailed analytical data are necessary before the phytopatho 
logical role of the Pasteur effect can be fully understood eg the con 
sumption of the carbon source and formation of fermentation products 

D Activation of Enzyme Systems 
Probably, the concentration of enzymes and tlieir substrates is affect 
ing the over all rate of respiration Many experiments have been pub 
Iished dealing wth the activabon or alteration of respiratory enzymes 
with particular reference to terminal oxidases m infected plants Fre 
quently, some specific substances such as polyphenols or ascorbic acid 
have also been found to accumulate in infected host plants From these 
observations, we are inclmed to assume that these anomalous metabolic 
events may somehow be concerned with the mechanism of rcspiraton 
increase First we would like to discuss some general aspects of terminal 
oxidases in plants 

What constitutes the normal terminal respu-atoiy oxidase in Iifglicr 
plants is still debated It is generally belic\cd, howeier, that the terminal 



366 


IKUZO UIUTANI AND TAKASHI AKAZAWA 


such as DNP and p-nitrophenol inhibit the Pasteur effect supports the 
hypothesized mechanism of Johnson and Lynen. Australian workers ob- 
tained favorable data that the Pasteur efcct in plant tissue can be 
regulated by the concentrations of the phosphate acceptor system 
(Rowan et al, 1956). Provided this mechanism operates in vivo un- 
equivocally, the Pasteur effect will be inhibited by any metabolic event 
which will increase the concentrations of ADP and Pi, either by the 
uncoupling or by the increased rate of cellular reactions requiring ATP. 
This is, therefore, very closely connected with the mechanism of increase 
in the respiratory rate. 

Allen’s idea is that some toxins secreted by the pathogens might 
cause the abolishment of the Pasteur effect by their uncoupling action, 
subsequently increasmg the respiratory rate- Farkas and Kiraly (1955) 
have proposed that the inhibition of the Pasteur effect is probably related 
to the respiratory increase in wheat leaves infected with rust and mildew. 
In this case, they assumed that it might be inhibited by the uncoupling 
mechanism, but were unsuccessful in attempting to isolate a phyto- 
pathogenic toxin. Similarly, Japanese workers have sho\vn that the abol- 
ishment of tlie Pasteur effect in sweet potato (especially in the case of 
a susceptible variety) infected with Helicobasidium mompa is associated 
with a respiratory increase (Suzuki et al, 1957). American workers 
have obtained similar experimental evidence for an inhibition of the 
Pasteur effect in rust infection of safflower hypocotyl (Daly and Sayre, 
1957; Daly et al, 1957). The Canadian group has also noticed a marked 
reduction or perhaps absence of the Pasteur effect concomitant with the 
stimulated respiratory rate of rusted wheat (Shaw and Samborski, 
1957). 

In tile field of plant phjwoJog)' very' often a ratio of anaerobic to 
aerobic carbon dioxide output 

QS>,-Qcb, 

larger than 0.33 is considered to indicate the existence of the Pasteur 
effect in tlie organ or tissue examined (Turner, 1951; James, 1953a). In 
both American and Canadian reports, the ratios of the infected rusted 
plant tissues fell after inoculation to below 0.3 at tlic final stage of the 
infection as compared to those for uninfected plants which do not dccrc.isc 
markedly from a value of 0.5 to OG. Tliere was no increased anaerobic 
carbon dioxide formation accompanying the pathogcnically increased 
aerobic carbon dioxide formation. From these obscrx'ations, they assumed 
the predominant participation of the II.M.P. pathway in the respirator)’ 
pattern of infected plants and obtained supporting experimental evi- 
dences as described in the next section. Tlic predominant participation 
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ot this pathway in the infected plant tissue would reduce the numerical 
figure of 

Qcoi 

and may explain the abohtion of the Pasteur effect 

ft has been shown recently tliat the Pasteur effect occurs when mito 
chondrial preparations exist together with a glycolytic system (Aisen- 
berg and Potter, 1957, Aisenberg et al, 1957) The data of these 
workers suggest that suppression of the carbohydrate breakdown might 
not be regulated by the concentrations of ADP and Pi, but by some 
unstable system existmg in a steady state form m the oxidized mito 
chondria This system may be inhibitmg hexokmase or phosphofructo 
kmase Providmg this mechanism operates m vivo, carbohydrate break 
down could be regulated by “oxidized mitochondria” rather than by the 
concentration of ADP m living organisms This hypothesis is reminiscent 
of the theory of EngelTiardt and Sakov (1943) on the mechanism of the 
Pasteur effect, which was proposed 15 years ago According to these 
workers, phosphofructokinase is very sensitive to oxidizing agents gen 
erated in respiratory oxidation It would be interesting to investigate in 
diseased plants the mechanism of abolition of the Pasteur effect m terms 
of these theories 

None of these hypotheses can thoroughly explain abohtion of the 
Pasteur effect m diseased plants In addition to the determination of the 

Qcot Qcb» 

ratio, more detailed analytical data are necessary before the phytopatho 
logical role of the Pasteur effect can be fully understood, e g , the con 
sumption of the carbon source and formation of fermentation products 

D Activation of Cnzymc Systems 
Probably, the concentration of enzymes and tlieir substrates is affect 
mg the over-all rate of respiration Many experiments have been pub 
hshed dealmg with the activation or alteration of respirator) enzymes 
with particular reference to terminal oxidases m infected plants Fre 
quently, some specific substances such as polyphenols or ascorbic acid 
have also been found to accumulate in infected host plants From these 
observations, ^^e are mclmed to assume that these anomalous metahohe 
events may someho^v be concerned with the mechanism of respirator\ 
increase First we would like to discuss some general aspects of terminal 
oxidases m plants 

\Vhat constitutes the normal terminal respirator) oxidase in Iiighcr 
plants IS still debated It is generally belicxed, however, tint tlie terminal 
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electron transport system of living organisms, including plants, is medi- 
ated by the cytochrome system. Polyphenol oxidase, ascorbic acid oxidase, 
and some other soluble oxidases are said to function in the respiratory 
pattern of certain plant organs at a specific stage of their development. 
Mostly, such claims rest on (1) experimental results using specific inhib- 
itors of respiratory oxidation on homogenates or tissues, or (2) failure to 
demonstrate cytochrome oxidase activity m the plant systems examined. 
Smce the evaluation of these techniques has been discussed by several 
authors (James, 1953a, b, Hill and Hartree, 1953; Bonner, 1957), a de- 
tailed description is omitted and basic points will be emphasized. At the 
present time there are two appropriate methods available for distin- 
guishing between cytochrome oxidase and the copper enzymes (e.g., 
ascorbic acid oxidase and polyphenol oxidase), either by testing the 
photoreversibility of carbon monoxide inhibition of each enzyme, or by 
examining the potentiality of oxidative activity under various tensions of 
oxygen. In the first method, carbon monoxide inhibition of cytochrome 
oxidase is completely reversed by light whereas with copper enzymes it 
is not. (It has been occasionally reported that carbon monoxide does not 
inhibit ascorbic acid oxidase. ) In this case, transparency of tissue to light 
should be carefully checked. As to the second method, the afiinity of 
cytochrome oxidase for oxygen is very high — that is, it functions normally 
even at low oxygen tension. On the other hand, copper enzymes have a 
low affinity for oxygen Here the factor of the rate of oxygen diffusion 
should be kept in mind, and low activity of tissue respiration under low 
oxygen tension per se does not necessarily indicate the functioning of a 
copper enzyme. By using the above techniques, Thimann’s group has 
clearly shown the sole function of cytochrome oxidase in the respiration 
of \h© pea inlemode (Eichenberger and Thimann, 1957), although ascor- 
bic acid oxidase activity is very high in this tissue. This result is in 
striking contrast to the developmental study of barley roots, in whicli 
ascorbic acid oxidase has been reported to progressively replace cyto- 
chrome oxidase during the first 7 days of root development (James and 
Boutlcr, 1955). 

There have been many reports concerned with the activation of 
copper-containing enzymes in infected plant tissues (polyphenol oxidase 
and ascorbic acid oxidase), but unfortunately, none of them has been 
performed by carefully considering the above problems. A few examples 
cited hereafter will be of some value for further discussion. Kirdly and 
Farkas (1957) have examined the respiratory’ alteration of the wheat 
seedlings infected with stem rust, and from experimental results using 
specific substrates and inhibitors have come to tlic conclusion that the 
respiratory’ pattern of the plants shifts drastically to an ascorbic acid 
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oxidase system shortly after the infection Although this is an interesting 
observation, more detailed information will be necessary before a final 
conclusion can be reached Uritam and lechika (1953) have shown the 
accumulation of large amounts of ascorbic acid in sweet potato tissue 
infected by Ceratostomella fimbnata Beevers (1954) has observed the 
oxidation of DPNH via an ascorbic acid oxidase system in cucumber, a 
survey of this system ivould be interesting in connection ivith the above 
findings 

In the case of sweet potato infected with the black rot fungus activa 
tion of cytochrome oxidase has been confirmed in cell free systems (Uri 
tarn and Akazawa, 1953) However, from the experimental results of 
carbon monoxide inhibition and its photoreversibility in the respiration 
of the mfected sweet potato a part of the terminal oxidase appears likely 
to be mediated by a noncytochrome system such as polyphenol oxidase 
(Uritani et al , 1955) Smce there is a possibility that the infected sweet 
potato slices are not transparent enough to light this is not a conclusive 
result Polyphenol oxidase is a widely occurring oxidase m the plant 
kingdom, and its activity is particularly augmented under pathological 
conditions Rubin’s group in Russia put forward the idea of an alteration 
and activation of specific respiratory enzymes from their extensive work 
on the physiology of host pathogen relationship One example is that 
potatoes mfected with Phytophthora mfestans show a considerable in 
crease in the activity of polyphenol oxidase and the amount of poly 
phenols (Rubin et al, 1947 Rubm and Axenova 1957) They feel that 
this oxidase plays a significant role m the respiratory pattern of the d/s 
eased plant and m the immunity of the plant (Rubin et al 1955) 
Another example is tlie study of cabbage infected by Botnjtis cinerea 
in which the enhancement of peroxidase activity was observed m strik 
mg contrast to the complete impairment of other respiratory systems 
such as cytochrome oxidase and ascorbic acid oxidase (Rubin and Chet 
venkova 1955) An mterestmg fact is that a similar metabolic disturb 
ance can be mduced by the Botnjtts toxin obtained from culture in fil 
trates From these observations it was proposed that either Botrylis 
infection of cabbage or the toxm per se might s^vltch tlie respiratoia 
pattern of the host to a flavoprotem system which will produce hydrogen 
peroxide by the oxidation of the substrate Tlie hydrogen peroxide pro 
duced by the operation of the neiv pathua}' is presumahh hrolcn dovn 
and removed by means of peroxidase Both the role of the flavoprotem 
enzyme and the function of peroxidase in the terminal respiratory pattern 
of cabbage are totally unknouai at the present time Buhin himself docs 
not as yet have any cxiienmental evidence that a flavoprotem coxvane 
IS actually activated and is functioning in the Bolrytls infected cabbage 
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Tills attractive hypothesis must, therefore, he proven by future study. 
Activ.ation of a flavoprotein enzyme in rice plants (in the case of a 
susceptible variety) infected by Firictilaria onjzac has been reported 
by Toyoda and Suziibi (1957). 

In conclusion, the authors’ opinion is that there have not been any 
thorough supporting data for the participation of a noncytochrome 
system (polyphenol oxidase, ascorbic acid oxidase, peroxidase, or fiavo- 
protein) in the pathogenically induced respiratory increase of plant tis- 
sue. It IS highly desirable to get more data on this problem. At the same 
time, it is important to clarify the activation of enzymes or enzyme sys- 
tems other than terminal oxidases, for example, those of the TCA cycle, 
and the glycolytic and the H.M.P. pathways. 

III. The Hexosc Monophosphate Pathway 
During the course of study on respiratory increase, experimental 
evidence accumulated wliich pointed to the operation of a new pathway, 
the HMP. pathway, m the respiratory pattern of infected plants. For 
instance, the following characteristic features were noticed in the respira- 
tion and carbohydrate metabolism of infected plant tissue: (1) insensi- 
tivity of tissue respiration to malonate, a competitive inhibitor of 
succinic dehydrogenase, thus ruling out the stunulation of operation 
of the TCA cycle (Farkas and Kirdly, 1955, Heitefuss, 1957); (2) a 
relatively weak response of increased respiration to NaF, the mag- 
nitude of NaF sensitive respiration being the same between infected 
and unmfected plant tissues, which may indicate the participation of 
a nonglycolytic pathway in the augmented respiration (Daly et al, 
1957); and (3) a remarkably low value for the ratio in infected tissue, 

Qco, 

indicating the apparent absence of a Pasteur effect (Shaw and Sam- 
borski, 1957; Daly and Sayre, 1957) However, the magnitude of an- 
aerobic CO 2 evolution remains approximately the same between infected 
and uninfected tissues as has already been discussed in C of the 
previous section. 

Both American and Canadian workers succeeded independently in 
obtaining evidence for the operation of the H.M.P. pathway in rusted 
safflower and rusted wheat or mildewed barley (Daly et al, 1957; Shaw 
and Samborski, 1957). Noticeable evolution of C^^Oj from glucose-l-C'* 
by rusted wheat leaves had been already demonstrated by the latter 
group (Shaw and Samborski, 1956). Measurement of the so-called 
C-6 : C-1 ratio by both groups showed the predominant participation of 
the H.M.P. pathway in the infected plant tissues. Here it would be help- 
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ful to describe the general sequence of the H.M.P. pathway which is 
diagrammatically shown in Fig. 5 together with the glycolytic pathway 
(Krebs and Komberg, 1957). 

In the first step of the H.M.P. pathway, glucose-B-phosphate is dehy- 
drogenated in the presence of TPN by Zwischenferment or glucose-6- 
phosphate dehydrogenase, and 6-phosphoglucono-8-lactone is formed. 
In the following step, 6-phosphogluconate, which is formed from the 
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Fro. 5. The glycolytic and hexose-monophosphate pathways 

phosphoglucono-Iactone by the action of laclonase, is decarbov>’l.Ttcd 
oxidatively also in the presence of TPN to give a pentose phospliate 
Eventually this pathway ends up by either forming phosphoglyccraldc- 
hyde, which is metabolized via the glycolytic pathway, or by condensing 
two moles of triose phosphate to regenerate a hexosc phosphate wln'ch 
can re-enter the H.M.P. palh\v.Ty. As would be expected, if glucose is 
catabolized xna the glycolytic pathway, CO- initially comes off (xpialb' 
from position C-3 and C-4 of the glucose molectilc. and lastly from C-1 
.and C-6 again with equal acthity. On the contrar>’, if glucose Is oxid«/cd 
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We would now like to discuss some physiological aspects of tlie 
HMP pathway m the metabolism of infected plants It has already 
been observed that the pattern of carbohydrate metabolism is altered as 
the plant ages That is, in the younger stages of plant growth, the 
glycolytic pathway is predominant, but as the plants grow older and 
differentiate, the II M P pathway tends to replace it (Gibbs and Beevers, 
1955) Also, it has been observed that with the addition of plant growth 
hormones, mdoleacetic acid, and 2,4 dichlorophenoxyacctic acid, the 
C 6 C 1 ratio decreases, thus indicating the hormonal control of respira- 
tory pattern (Humphreys and Dugger, 1957, Shaw, 1957). The above 
described augmented activity of the HMP pathway in infected plants 
is another case of alteration of carbohydrate metabolism in plants As has 
been previously mentioned, living organisms are able to adjust their 
metabolic pattern to a change of environment Presumably, mutual inter- 
vention of mam and supplementary pathways in regulating metabolism 
IS a rather common feature m living organisms Both the glycolytic and 
the HMP pathways appear to be concurrently taking part in carbo- 
hydrate breakdown and are regulating the metabolism according to the 
energy requirement of cells If the requirement becomes larger, function- 
ing of the HMP pathway might increase It is not difficult to envision 
vigorous energy consumption in infected plant tissues accelerating the 
operation of the HMP pathway, though the mechanism for inducing 
this IS not certain We suspect that the capacity of the glycolytic path- 
way may not be sufficient to fulfill the total energy requirement of the 
host It has been proposed that the inhibition of either phosphofructo 
kinase or hexokinase by oxidative systems may suppress the operation 
of the glycolytic pathway ( Engel hardt and Sakov, 1943, Aisenberg 
et al , 1957, Aisenberg and Potter, 1957) Furthermore, 6 phosphogluco 
nate inhibits phosphoglucomutase This fact may also explain the regula- 
tion of two alternative pathways (Parr, 1956) None of these possible 
implications can explam the reason for the more predominant participa 
tion of the HMP pathway m infected plants, and m order to compre 
hend more fully the precise mechanism involved in the altered carbo 
hydrate metabolism the level of TPN (both oxidized and reduced 
forms) glucose 6 phosphate and the net synthesis of the respective 
enzymes participating m the HMP pathway in the cells should be 
investigated 

Thus far no experiments have been reported which deal with the 
interaction between the HMP pathway and the respiratory chain sys 
terns, but this is also an important research subject necessary for the 
elucidation of the mechanism of respiratory increase Transhydrogenase 
ma\ be the most important enzyme m electron transfer systems from 
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TPNH to oxygen This enzyme takes part in the transfer of hydrogen 
between DPN and TPN according to the following equation Kvidence of 
whether or not the oxidation of TPNH generated via the H M P pathway 

TPNH + DPN+;=^ DPNH + IPN^- 

IS coupled to oxidative phosphorylation is urgently needed, and there is 
A suggestion that TPNH is coupled to phosphorylation via the above 
transhydrogenase (Kaplan et al , 1956) 

Aromatic compounds often accumulated m infected plants are pos- 
sibly synthesized via the HMP pathway (see tiie next section) Also 
it has been shown that ribose 5 phosphate is synthesized by this patli- 
way Since ribose 5 phosphate is a constituent of nbonucleic acid, it 
w ould be of value to study the relationship betxveen the HMP patli- 
way and the nucleic acid metabolism of virus-mfected plant tissue 
(see Fig 5) 

IV Biochemical Chances Accompanying the Respiratory Increase 
As has been briefly mentioned m Section II, D, abnormal metabolites 
such as coumarin and polyphenols are frequently synthesized in dis- 
eased plants (Fig 7) Formation of polyphenols is a common feature 
occurring concomitantly with the respiratory increase, and coumarins 
have sometimes been observed to accumulate m infected plants Studies 
on the mechanism of biogenesis of these aromatic substances have made 
considerable progress during the last several >ears Tins is mainly duo 
to the advancement of research of the biosynthesis of the aromatic amino 
acid — phenylalanme — by the use of genetic mutants of microorganisms 
and radioisotopic techniques (Davis, 1955) There arc still some hypo 
thetical points m the biosynthesis of phenylalanine and all of the inter 
mediates have not been isolated and identified, however, ervthrose i 
phosphate and phosphoenolpyruvic acid have been found to bo the 
precursors which form the aromatic rings (Srmivasan ct al , 1955) Par- 
ticipation of scdahcptulosc-7-phosphatc as a direct precursor of shihmic 
acid has been disproved, mslcid, it acts as a precursor of ervthrose 1 
phosphate Thus, it has been sbowTi that scdolicptulosc 7 phosphate is 
efficiently’ incorporated into phcnvlalaninc The crvthrosc-4 phosphite 
is obviouslv' formed from scdohcptulosc 7-phosphatc throuiili the II M P 
pathway* by the action of transaldoHse If other aromatic compounds are 
synthesized via routes similar to that of phcnvIiHnmc (see Tig 5). 
perhaps the important function of the HMP patliway is in tlic Iiiosvn 
tliesis of various tvpcs of aromatic compounds A predominant parlicipa 
tion of the HMP. pathwav m infected plants mav thus have .i clove 
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Host 

Pathogen 

Reference 

a 

Sweet potato 

Cerotostomella fimbrtata 

Untani and Akazawa (1955b) 

b 

Potato 

HelmlntJiosponum carbonum 

Kue et al. (1956) 

c 

Wheat 

Pucclnta graminls 

Shaw (1957) 

d 

Rice plant 

Ptricularia oryzae 

Taman (1957) 

e 

Tobacco 

Tomato spotted wilt ■virus 

Rest (1948) 

f 

Potato 

Phtjtophthora tnfestans 

Fuchs (1956) 

g 

Wheat 

Pocclnfa gramlnf^ 

Shaw (1957) 

h 

Safflower 

Pucetnuj carthaml 

Daly and Inman (1958) 

i 

Sweet potato 

Ceratostomella fimbrtata 

Hiura (1941) 

i 

Sweet potato 

Ceratostomella fimbrtata 

Kubota and Matsmira (1953) 


connection with the biosynthesis of polyphenols and coumarin deriva- 
tives (Uritani and Akazawa, 1955b). 

Tlie effect of rust infection on the amino acid metabolism of wheat 
leaves has been studied by two groups (Shaw, 1937; Rohringer, 1957). 
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Shaw and Colotelo have shown that in the susceptible species of wheat 
infected with stem rust several amino acids, including aromatic amino 
acids, have increased notably as compared to the levels in the uninfected 
plant. The amino acid composition of protein hydrolyzates of the rusted 
wheat has also greatly changed, and they suggested that an alteration 
in the enzyme systems concerned with the metabolism of those com- 
pounds may occur under pathological conditions. 

There are several reports indicating an increase in the auxin concen- 
tration of the infected plant, though it is very low indeed in a healthy 
one (Pilet, 1952; Shaw, 1957; Shaw and Hawkins, 1958, Daly and Inman, 
1958). All of them have noticed hypertrophy or cell elongation of the 
host when infected and have discussed this phenomenon with respect 
to the influence of auxin. Shaw’s group (Shaw, 1957; Shaw and Haw- 
kins, 1958) analyzed the amount of indoleacetic acid in a quan- 
titative manner and simultaneously looked into the enzymatic oxidation 
of radioactive indoleacetic acid (C*^OOH) by analyzing the release 
of C‘*02. The concentration of indoleacetic acid in the infected leaves 
of the susceptible species (Little Club) of wheat decreased initially 
after infection but 10 days after infection was ten to twenty times 
higher than that of the uninfected leaves A reciprocal relationship 
was observed in the activity of indoleacetic acid oxidase. However, 
no such increase of indoleacetic acid was seen in the case of infected 
wheat leaves of the resistant species (JOiapli). This is, perhaps, due 
to a constant higher activity of indoleacetic acid oxidase in the in- 
fected plant of the resistant species. The American group analyzed the 
auxin content of safilower hypocotyl infected with Puccinia carthami dur- 
ing the course of infection and obtained results similar to those of the 
above authors. Shaw and his co-workers (1958) have observed that 
indoleacetic acid lowers the C-6:C-1 ratio. From this fact together willi 
the lowered C-6 ; C-1 ratio in rusted and mildewed leaves, it seems 
probable that the auxin is conceivably somehow controlling the respira- 
tory metabolism of the host tissue. However, firm conclusions should not 
be d^a^vn from the following observations; (1) lower C-6: C-1 due to 
indoleacetic acid addition is attributable to tlic lower recover)’ of C-G 
whereas it is due to the higher recovery of C-1 in the rusted wheat 
leaves; (2) also, as has been described above, tliere was an apparent 
decrease of indoleacetic acid content in the resistant spcdcs of wheal 
leaves, irrespective of the lower C-6:C-3 ratio (Shaw, 19o(; Sha«' ct al , 
1958). 

Tlirec compounds have been isolated from the sweet potato infccit'd 
by the black rot fungus ( i.c., ipomcamaronc, ipomcanin, and batatic acid ) 
and their chemical structures (sec Fig. 7) proi’cn (Jliura, 1911; KuIxJta 
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and Matsuura, 1953). As the chemical structure of ipomeamarone shows, 
this is a kind of sesquiterpenoid with a molecular formula of a reduced 
type. We feel that these compounds may be synthesized by an unknown 
alternative pathway of the host metabolism (Uritani and Akazawa, 
1955b). Metabolism of Cz compounds, which are normally oxidized by 
the TCA cycle or sometimes utilized to synthesize fatty acid or phos- 
pholipid, may be bypassed to form isoprenoid units and eventually lead 
to a synthesis of ipomeamaione and its derivatives. 

V. Alteeation of the Respiration in Relation to Defense 
Mechanisms of the Host 

Sufficient data are not available to formulate a straightforward hy- 
pothesis on the relationship between the altered respiratory pattern in 
infected plant tissue and defense reactions, but some speculation here 
may guide future study. Conceivably, metabolic patterns evolved in 
plants allowing them to adjust to a changing environment. Probably, 
defense devices of plants have been improved from a very primitive 
to a highly advanced type. As stressed repeatedly, the increase in respira- 
tory rate is a comprehensive phenomenon observed in many plants 
exposed to varied stimuli ranging from a simple mechanical treatment 
to a complex pathogenic infection. Therefore, it is important to realize 
that respiration of the host tissue increases in response to an environ- 
mental change. This applies also to the defense mechanisms of plant tis- 
sue against pathogens as well as other injurious agents. 

From a large amount of experimental data, it appears that respiratory 
increase and accompanying metabolism are more or less parallel to the 
magnitude of the pathogenic penetration of the parasite in the host. The 
more severe the pathogenic infection becomes, the more intensive is 
the metabolic activity. Thus, an augmented respiratory rate is an expres- 
sion of the host response to the penetrating pathogen. However, this 
does not mean tliat the magnitude of the respiratory increase is a measure 
of the resistance activity of host tissue. In the infection of rust resistant 
wheat, the data of Shaw’s group Iiavc shown a rapid respiratory increase 
followed bv a sharp drop of respiratory rate as compared to the respira- 
tor}' rale in tlie susceptible species. Tlie magnitude of increased respira- 
tion was not, however, greater than that observed in the susceptible 
species (Fig. 4). Such features have l>ecn obser\'ed by several workers 
(Millerd and Scott, 1956, Kir% and Farkas, 1936). In the case of 
the pQlaiO’rhijlopJithora complex studied by Tomiyama and liis co- 
^\orkcrs (1955, 1950), the change in the respirator)’ rate of the resistant 
variety is more pronounced than that of tlie susceptible variety botli 
in the sharji rise and in the total amount of oxygen uptake. Obserwitions 
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of Uritani and Akaziwa (1955b) on tlie black rot disease of sweet 
potato indicate a more rapid increase and a greater magnitude of the 
respirator) rate m the resistant than in the susceptible varieties (Table 
11) From these observations, it appears that the initial sharp rise in 
the respiratory rate of infected plants may be connected with the defense 
inechanism of tJ?o plants 

In addition, several people have found tliat they can efficiently dimm 
ish the resistant activity of the host by inhibitmg the phosphorylation 
reaction In other words, the pathogen is able to penetrate the host more 
readily following a treatment of this kind For instance, if a sweet potato 
infected with Ceratostomella fimbnata is left under conditions of high 
humidity and low o’lygen tension, no marked enhancement of metabohsm 
of the host IS observed, rather, the fermentation process predominates 
in the host tissue Under these conditions, the pathogen spreads over the 
surface of the s\veet potato and penetrates readily Several experimental 
results have shown that treatment of potato tubers with ethanol facilitates 
greatly the penetration of Phytophthora mfestans (Meyer, 1939, Behr, 
1949) According to Tomiyama’s experiment, processes such as respira 
tory increase, syntheses of water soluble protein and polyphenols are 
suppressed considerably in Che presence of ethanol, accompanying this 
IS a decrease in the resistant activity of the host (Tomiyama et al, 1956, 
1957) Similar observation has been reported for rice plants infected 
with Ptrtcularta oryzae (Tochinai 1951) Walker and his co workers have 
shown that tomato plants treated with some respiratory inhibitors in 
eluding the uncoupling agent DNP, lose their resistant activity to 
Fusarium oxysporum £ Itjcopersici They have suggested that some very 
labile substance, which is closely connected to the phosphate metabolism 
of the host, might be an important factor m the resistant activity of 
tomato ( Gothoskar cf fll , 1955, Walker and Stahmann 1955) Accordmg 
to Tomiyama’s cytological study (Tomiyama, 1954 1955a b), midrib 
cells of potato have shown the following sequential microscopical fea 
tures when infected with Phytophthora mfestans In most cases immedi 
ately after the active protoplasmic streammg hypersensitive death of 
cells follows However, if the tissue is treated with DNP the death of 

Penetration of PhyloptUhora tnfeslans 
— Acceleration of protoplasmic movements 

Appearance of granules m Bronnian motion 
-♦Death of the host eeJJ 

the host is remarkably dela>ed and it becomes susceptible to the parasite 
(Tomiyama, 1957) As these several experimental results show, there 
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definitely exist defense mechanisms of the host which demand respiratory 
energy that is possibly linked to the phosphorylation system. 

Accompanying the respiratory increase, many compounds including 
polyphenols and coumanns are synthesized and some of them may be 
functionmg as antipathogenic principles of the host. Although the pro- 
duction of antiparasitic principles by the host will be discussed m 
Chapter 12 of this volume, a brief description is given here. Kuc and his 
associates (1956) have studied the accumulation of polyphenols in potato 
tubers infected by Helminthosponum carbonum and suggested the role 
of the substances in natural immunity of plants. In tlie case of the black 
rot of sweet potato, 1-5 mg. polyphenols per gram fresh weight tissues 
accumulated However, with these concentrations, there is little inhibi- 
tion of the blade rot fungus. Apparently there is no positive relationship 
between the mvasion of the pathogen and the amount of polyphenols 
synthesized (Table II) in the host (Uritani and Akazawa, 1955b). 
Studies of the antipathogenic nature of polyphenols in infected plants 
and the role of polyphenol oxidase in relation to the physiological action 
of polyphenols are (from a biochemical viewpoint) most pertinent in 
the field of phytopathology. Coumarin substances were isolated from 
the diseased plants and some of them exhibited fungitoxic action (Best, 
1948, Uritani and Hoshiya, 1953; Fuchs, 1956, Tamari, 1957). Ipomea- 
maron, found in the injured part of the diseased sweet potato is definitely 
an anti-parasitic substance (Table II) and the amounts are roughly 
parallel to the degree of resistance of the plant (Uritani and Akazawa, 
1955a, b). 

When a resistant variety of plant is attacked by a pathogen, instant 
necrosis (denaturation, coagulation of proteins, and browning) precedes 
the penetration of the pathogen into hcaltliy tissue. This phenomenon is 
called hypersensitivity (see Chapter 13 of this volume). Probably, hyper- 
sensitivity plays an important role in the defense mechanism of the host 
against the pathogen by producing antipathogenic agents and forming 
protecting barriers. Muller (1956) i solated some substances from the 
inner epidermis of pea pods infected by Sclcrotmia'jmcticola and ?htj- 
tophthora infestans which have an inhibitory action against the pathogen 
and also induce necrosis of the host, Rubin feels that the activation of 
pobphcnol oxidase in potato tissue infected with Vhytophthora infestans 
is the crucial factor in inducing necrosis (Rubin and Axenova, 1957), 
and the excellent work of the German researchers is considered to coin- 
cide with this opinion (Fwclis and Kotte, 1954; Christianscn-Wcnigcr, 
1953). Tlicsc workers found tliat by treating the potato tuber with some 
rcspiraloiy inhibitors, particularly by copper chelating agents, the host 
iK’came susccplihle to Phytophthora infestans. Jnp.ancse workers have 
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emphasized the fact that hj'pcrsensitmty accompanying the respiratory 
increase is an important factor in the resistant action of the host (Tomi 
yama, 1954, 1955a, b, 1957, Hirai. 1955, SuzuL ct a! , 1957) H}’persensi- 
tivit) is the result of the interaction beh^een host and pathogen Al- 
though the mechanism of the phenomenon has not as yet been clarified 
^\c might postulate the following when attacked b> the pathogen, the 
metabolism of the host cell is activated Some enzymes and/or metab 
ohtes produced by the pathogen damage the protoplasmic function of 
the cell When the cell is injured some substances produced by it stimu 
late necrosis, thus leading to h>'pcrsensitivit> 

Yet, the fact tliat respiratory increase does not always accompany 
hypersensitivity should be emphasized For instance, when a nonresistant 
sw’cet potato variety is attacked by Ceratostomella fimhnata, the above 
described features of metabolic alteration are observed and ipomeamoron 
IS synthesized in the injured area The pathogen continues to penetrate 
gradually into the host tissue, yet profound hypersensitivity is not ob 
served We may postulate the production of hypersensitivity inducers 
by pathogen in host cells and formation of hypersensitivity stimulators 
by host cells In the case of sweet potato nonresistant to the black rot 
fungus, the potency of these two factors might not be strong enough 
to cause necrosis preceding penetration of the pathogen Those factors 
are hypothetical ones and Mullers phytoalexins, Rubm s activated poly 
phenolase polyphenol system, and ipomeamarone and other abnormal 
metabolites in the infected sweet potato might be considered to be 
examples of hypersensitive stimulators (Untani and Akazawa, J955b 
Suzuki ct al , 1957) Study on the function of necrosm discovered m the 
inflammation of infected animal tissue, would be of value in elucidating 
the function of this proposed factor (Menkm, 1950} 

Browning is a characteristic feature of hypersensitivity in the host 
but the exact mechanism by which this biochemical reaction takes place 
IS not known Histological observations of necrosis in the injured tissue 
of infected plants lead us to the following assumption first polyphenolic 
compounds are oxidized by polyphenol oxidase which ma) exist in a 
latent state in the mtact plant tissue and be activated on exposure to 
pathogenic infection Second, the oxidized polyphenols now quinones 
are condensed to form polyqumoid structures or sometimes react with 
amino acids or proteins to form melanin substances The net effect 
of these reactions may constitute a defense mechanism of the host by 
forming a barrier 

In conclusion respiratory increase of host tissue appears to be a 
prerequisite for the induction of the resistant action of the plant Some 
other biochemical events occurrmg concurrently with the respirator) 
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alteration may amplify the resistance of the host through their antipatho 
genic action And finally, hypersensitive reactions of the host preceding 
the pathogenic infection are necessary to establish the resistance action 
Those over all relationships are diagrammatically exemplified in Fig 8, 
m which the change of respiration in the infected sweet potato and its 
resistance against CeratostomelU fimbnata are shown 



Ftc 8 The relationshtp change of respiration in the infected s>veet 

potTlo and Us lesistance ngainst Ccroloslomcifo fimbnata The upper part of the 
dngnm shows development of ftmgus penctnlion (B) concomitant with the progress 
of injured tissue (E) and t)ie gradual decrease of healthy tissue (F) At 48 hr 
after inoculation (A) of the fungus on the surface (C) of sweet potato slice the 
infection is apparcntl> prevented by the resistance action of the host and further 
penetration is not observed The lower part shows the quantitative change of some 
biochemical events (1-G) observed In (D) (the tissue 175 lurn inside from the 
surface ( C ) ) as a consequence of the pathogenic infection ( 1 ) Change of overfall 
ATI* utilizing s>sttm (2) Ch iiigo in the respiratory rate (3) Clnngc of the amount 
of coumarins and pol>-phcnols (1) Inactivation and denituntion of protein (S> 
S)nthcMs of ipoiiuJiinronc (0) Browning Up to 21 hr after the inoculation, the 
(D) part is licaUhj and not infected, but aftenvards this part is gradually In/iired 
until nlwut lb hr iukI is p!i>itig a role in the risistante diinng 2-1 to 48 hr Fre 
Miiinhlv this st«g« is chiided into two parts (C) uul (11) At (C) stage, the rcsist- 
inta, iniglit be allriluit iblt to sotm antibiotic factors such ns toumatins (3), pol>” 
jihrnoh (3), and {]vnnc uinroiic (5) At (II) stage the rcsKlaricv might be rnalnl' 
due to the barrur fonnaliou in which events of (4) and (C) arc involved 
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Disease resistance in plants is understood to be a condition in which 
the plant when attacked by a pathogen suffers little or no injury This 
subject has been treated recently under two headings resistance to pene 
tration and resistance to disease development and spread (Kawimura 
and Ono 1948) The former applies to all structures which oppose the 
penetration of the pathogen and the latter to the condition as controlled 
chiefly by protoplasmic activity in the cell itself (functional resistance) 
(Tociunai 1951) In the former case (he mechanical characteristics of 
superficial layers play a principal role flcsistance in plasma of epidermal 
cells of a physiological nature is also involved In the latter case we are 
chiefly concerned with the plasmatic defense reaction Although not com 
pletely synonymous this term is often used m place of immune reaction 
(Gaummn 1950) 

In the present chapter we shall discuss the defensive phenomena in 
disease incidence from histological and c>toIogical Mewpomts Defense 
mechanisms will be interpreted here prmapalh as having two meanings 
(1) static anti infectious structures of superlving livers existing prior to 
the infection and acting mainl> as a bamer to penetration and (2) 
SOI 
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dynamic defense structures that appear in tissues postinfectionally as a 
response to pathogenic invasion and which i mpe de, further spread of the 
pathogen 

'•u 

I Static Anti-Infectious Structuhes 
The mode of invasion of the host by the pathogen generally occurs 
^''by one of two methods (1) penetration directly through the cuticle of 
'/outer epidermal cell walls, and (2) mtmsifln through the natural open 
mgs such as stomata, lenticels, and wounds Therefore, the quality of 
epidermal walls, structure of stomata and lenticels, and the characters of 
cytoplasm in epidermal cells may be enumerated as hindering to infec 
tion The latter, however, will be considered later 

A Superficial Structure as a Factor tn Resistance to Penetration 

A plant body is passively protected against pathogens by its super- 
ficial covering layers These covering layers usually consist of cuticle and 
epidermis Epidermis is sometimes covered with a wax layer, and the 
cell walls of epidermal layers often undergo a subenzation or lignifica 
tion that acts as a barrier to penetration In cereals, the silification ot 
epidermal cell walls occurs frequently 

1 Stmcfitrc of Epidermal Cells 

Young blades of cereal plants and fruits of the genus Prtintts are 
usually covered either with a waxy layer or with hairs By making it 
more difficult for infection drops to adhere to them, the wax or hairs aid 
indirectly m resistance to penetration However, not uncommonly, the 
removal of wax from leaves has no effect on infection, and hairs do not 
always make infection difficult 

Cuticle and the outer wall of epidermal cells may directly impede 
the entrance of pathogens In this case, tlie thickness and toughness of 
cell walls arc of importance, although some investigators believe that the 
fungus does not make its wa> through cell walls or even cuticle by 
mechanical means alone Tlie germinated basidiospores of most rust 
fungi penetrate tlirough the cuticle into the interior of leaf (cuticular 
m\ asion) How ever, the lough epidermal outer wall and cuticle of leav es 
make direct ptntlration h\ a given pathogen more difficult and serve as 
barriers against invasion It is clear from Table I that species of Derhens 
not susceptible to black rust {Puccinta grawimis) resist sporidial invasion, 
btepuse of the thick cell walls, even when leaves are >oung (Mclandcr 
and Craigie, 1927) Tluis, plants willi tough epidermal walls are not 
atlickcd l)v a given pUhogen. and displav resistance to penetration 
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However, these same plants will display a high degree of susceptibility 
when wounded if their inner tissues are sensitive to the pathogen. 

Some varieties of Japanese pear (Pyrus pyrifolta var. ciilta) express 
a high degree of susceptibility to the infection of Alternaria kikuchiam 
Germ tubes of conidia usually penetrate directly through the cuticle and 
enter the inner tissues of leaves. Under field conditions, incidence of this 
disease on mature shoots is low, although they are highly susceptible 
(Torigata, 1957). The epidermal cell wall of mature leaves is always 
thick and tough. Possibly, epidermal structures play a minor role in 
resistance to fungus attack, and resistance to this disease m resistant 
varieties resides in the cell as a result of plasmatic defense, 


Table I 

Avehaoe Thickness op Epidermal Cell Walls or Leaves 
OF Certain Berbena Species® 


Species 

Thickness of outer epidermal wall 
and cuticle (m microns) 

Leaves 2-3 days old 

Mature leaves 

Highly susceptible 

Serbena canadenaxa 

0 8$ 

1 29 

Berbena diclyophylla 

0 82 

1 SO 

Berbena vulgana 

1 10 

1 87 

Slightly susceptible 

Berbena hrachypoda 

1 43 

2 56 

Berbena lycium 

1 23 

3 41 

Berbena 'prmnaaa 

I JO 

2 20 

Not susceptible 

Berbena Ihunbergii 

1 57 

2 44 

Odoslemon repena 

1 76 

3 01 


“ After Slelander and Craigie, 1927 


In susceptible varieties of flax, in general, the epidermis lacks a well- 
developed cuticle, the individual epidermal cells are rectangular ratlicr 
than isodiametric, and the hypodermis is usually absent. Consequently, 
resistance to puncture of the epidermal membrane may be correlated 
witli a well-developed cuticle, shape of the individual cpidennal cells, 
and the presence of hypodermis. Tlius, the varieties of flax resistant to 
rust (Melampsora Uni) possess a tougher epidermis than susceptible 
varieties do {Shar\'elle, 1936). Tlic strength of the epidermal membrane 
in certain varieties may determine the ability of the rust fungus to break 
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out and liberate its uredospores. Such a condition may reduce the amount 
of available inoculum produced in the course of a summer. 

Blast disease causes serious damage to the rice crop every year. Its 
causal fungus, Piricularia onjzae, invades directly through the epidermal 
wall (Fig. 1). The motor cells and the guard cells of stomata are the 
pathway through which the fungus penetrates most easily. As indicated 



Flo 1 Mode of entrance into the epidermal cells of noe leaves by F\r\c\ilatia 
oryzae (a) appressorium, (m) motor cell. (After Yoshit, 1936 } 


Tahle II 

I*E^ETRA■^^o IlTrilA I’onMATlON FROM AI'I’RFSSORIA roRMEl) 
o> Ceuji of Kamcji Kick No. 3* 


Kpulcrmal cell 

Per cent 

Appn'ssona formed 

Per cent 

jicnetrating Jijplin formed 

Motor c« Hi 

0 

03.? 

I/IRR Cl'lU 

1C> 2 


f'liort relli 

12 8 


Ilftint 

1 7 


Htomitft 

r> 0 


Short rrlli mntnetrtl with ntomi 
MulKiwlK U l«n*n sUima and 


15.1 

>horl nO} 

2 15 

0 I 


• .\fti r Ito »iid Shimnda, ltU7. 
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in Table II, the entrance of the fungus in more than half of the total 
invasions is through motor cells. It has been considered that the lignxfica- 
tion of the outer wall of motor cells does not take place rapidly, being 
kept in a pectocellulosic condition for a long time, while most of the 
other epidermal cell walls are cellulosic and become lignified sooner 
(Fig. 2, Ij Yoshii, 1936). Hashioka (1950) confirmed the iignification 
in epidermal cell wall of rice leaves of differing age by the application 
of Maule’s reaction. According to his results, positive reaction to lignifica- 
tion in epidermal cell walls was obtained after 60 days of development 
of the leaf blades. With the exception of motor cells, the histochemical 
tests of Suzuki et al. ( 1953 ) show that chlorogenic acid appears to accu- 
mulate in walls of epidermal cells usually combined with a certain con- 



Fic 2 The cross section of motor cells in leaves of nee plants ( 1 ) lignified 
cell wall, (p) pectin layer (dotted area), (s) silicic acid deposited layer, (x) cell 
wall of motor cell, on which silicic acid deposits easily. (After Yoshii, 1036 ) 

stituent of cell membrane. In walls of motor cells, either there is no 
Iignification, or lignin does not deposit sooner, thus at least partially 
accounting for the more ready penetration by the fungus through motor 
cells. 

It is a well-known fact tliat silicic acid content of leaves is inversely 
related to incidence of diseases of rice. Usually, silicic acid is deposited 
abundantly on lignocellulosic walls of epidermal cells (Yoshii, 1936) and 
the deposition increases with the maturity of leaves. Under favorab e 
conditions at maturity, silicic acid is heavily deposited in motor cells, 
and this increases resistance to fungus penetration (Fig- 3). 

Planting rice plants in flooded soil is tlie usual cultural practice in 
Japan. This procedure promotes the deposition of silicic acid on cell 
walls and prc^’cnfs fungal invasion. 

Low air and soil temperature reduce liolh the thickness of the outer 
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wall oE epidermal colls and llie deposit of silicic acid on epidermal cell 
walls The tlnnncr walls and the decreased deposit of silicic acid are 
perhaps the factors which cause severe incidence of blast disease and 
Hclmmthosponum blight (Hashioha, 1950, Suzuki, 1951) 

In a discussion of mechanical barriers to fungal penetration, the 
strength of the epidermal membrane to puncture is usually considered 
For this purpose, the Jolly balance is adapted (Hawkins and Harvey, 
1919, Melander and Craigie, 1927) As bas been cited above, the pres- 
sure required to puncture the epidermis of leaves and stems of flav 
v,irieties varies with their reaction to flax rust Highly resistant varieties 



Fic 3 Ash figures of leaves of rice plants SiJicated epidermal cells (g) guard 
cell, (Ic) short cell (1) long cell (m) motor cell (r) rice cell 


require more pressure than the susceptible ones (Sharvelle, 1936) Ito 
and Sakamoto (1939), measunng tlie resistance of the epidermis of 
nee leaves to needle puncture, found that feeding silicic acid to nee 
plants increased the resistance to puncture In turn, this resistance to 
puncture was correlated with a reduction in the incidence of blast dis- 
ease Yoshu (1941a), however, aimed to measure the toughness of the 
cell wall of motor cells, and obtained a result opposite to that of Ito and 
Sakamoto His results showed that the resistance to needle puncture 
decreased with the increase in tlie supply of silicic acid In this case, the 
total amount of sihcic acid m the plant increased and the incidence of 
blast disease decreased (Table III) 

Yoshu (1941b) also tested the toughness of leaf, when the plants 
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Table III 

Strength of Epidermal Membrane ao Needle Puncture in 

Leaves of Rice Plants and Total Amount of Silicic Acid® 

Silicic acid given 
(mg per liter) 

Strength of epidermis (gr /mm *) 


2ad leap 

3rd leap 

4th leaP 

of sihcjc acid (%) 

0 

902 3 

813 3 

777 9 

1 8 

50 

863 3 

792 6 

766 I 

3 5 

250 

847 8 

808 1 

755 8 

10 2 

500 

840 I 

793 1 

753 4 

12 9 


“ After ^osbji 1941a 
^ From upper level 


Table IV 


The Toughness and Silicic Acid Content of Leaves of Rice 
Grown Under Field Conditions and Supplied with 
Different Amount of Nitrogen and Silicic Acid* 


Nitrogen'’ 
supplied 
(kg per 0 1 
hectare) 

Silicic acid 
supplied 
(kg per 0 1 

hectare) 

Total content 
of silicic 
acid (SiO») 
(%<ir> 
matter basis) 

Toughness 
of epidermis 
(gm /mm *) 

Incidence 
of blast 
dLScasc 

18 75 

262 5 

6 71 

719 9 

■1 


0 0 

3 74 

038 3 


11 25 

262 5 

8 90 

916 1 



0 0 

5 97 

960 5 


3 75 

262 5 

10 93 

941 7 



0 0 

8 46 

1055 2 



“ After Yoshu 1941b 
‘ Ammonium sulfate 


were supplied with silicic acid and ammonium sulfate Evidentiv nitro 
gen affects toughness of the leif (Table IV) However, there is no rela 
tionship between silicic acid content and toughness of the leaf 

2 Structure of Stomata and Lenltceh 

Except /or bicteml diseases there is prob iblv no cv idence that inftc 
tion IS prevented by the structure of the stomata 

In citrus canher, caused by a bacterium (Pseudomonas aln), the 
bictena arc not able to attack the dn culinipcd or waxv ctll walls of 
citrus In intact leaves the bactena can enter onlv tlirough tht stonnfal 
openings Spinkaim mandarin {Citrus nohilis var Srinkt/ni) poss<*5MS a 
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resistance to citrus canker, whereas certain kinds of grapefruit {Citrus 
grnndis) are very susceptible. Hence, resistance to penetration must be 
involved in the structure of stomata (McLean, 1921). Each has stomata 
of similar size, but they differ mainly in the entrance ridge. In the resist- 
ant variety, Szinkum mandarin, the stomata have an extremely narrow 
entrance with broad lips over the stoma, whereas in the Florida grape- 
fruit the stomata have broad oval lips. In the mandarin this structure 
may practically exclude water from the stomata, whereas water can 
more readily enter the stomata of the grapefruit. This exclusion of water 
IS sufficient to account for the resistance of certain citrus varieties to 
canker. 

Possibly in the rusts, the uredospore germ tubes enter plants through 
stomata. However, as shown by Hart (1929), the stomata of some wheat 
varieties are closed much of the time and the stem rust, Puccinia gram- 
inis tntici, cannot usually force its way through closed stomata. She 
termed this as “functional resistance.” The delayed opening in the morn- 
ing of stomata of resistant wheats, prevents the entry of the stem rust 
until the moisture on the plant has evaporated, thus exposing the delicate 
germ tubes to desiccation and death. Closed stomata offer no effective 
barrier to the entry of leaf rust, Puccima iriticina, which never enters 
through open stomata because of the prompt stomatal closure in response 
to appressorium formation (Caldwell and Stone, 1936). 

Certain other fungi are not able to push their way through closed 
stomata. Cercospora bettcola can enter sugar beet leaves only through 
open stomata. The maturity of the leaf is important and infection is 
closely related to stomatal movement. Young leaves are not infected 
because stomatal movement is not active. Mature leaves are attacked 
severely, but old leaves are not invaded because movement is feeble 
(Pool and McKay, 1916). 

Lenticels, before they become suberized, are sometimes good portals 
for invasion by pathogenic fungi. Actinomyces scabies (Sfreptomyces 
scabies), the cause of common potato scab, enters througli lenticels of 
young tubers and stems (Lutman, 1945), although it can also invade 
through stomata and wounds. The cells of young lenticels are usually 
round and loosely arranged with rather large intercellular spaces. When 
the filaments of the scab organism grow among these cells, the lenticel 
meristem is stimulated to divide actively and to form closely packed, 
radially elongated cells. This appears to be an attempt at cork formation. 
These cells do not, however, usually constitute a barrier to the further 
extension of the pathogen because they are not suberized. They do not 
form a true cork layer, and the scab organisms continue their invasion. 
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Apparentlj', the pathogen tends to delay suherization of the cells m the 
lenticels (Jones, 1931; Longree, 1931, Darling, 1937). 

The lenticels of healthy mulberry trees conceal mycelia of various 
fungi, some 39-60% of which are patliogenic to mulberry trees (Aoki, 
1941). Among these are Diaporthe nomtirai, the cause of the devastating 
mulberry blight found in snowy regions, and Gibberella Jateritium, the 
cause of bud blight. 

Tile normal lenticels have a cork cambium at the base which is 
connected with the periderm of the shoot. The cork cambium divides 
forming closing layers and complementary cells alternately, and the fungi 
may be found in the vacuity among these cells. 

Under normal conditions when the plants are growing \agorously, 
the fungi in the lenticels are not able to invade through the cork layers 
into the interior. However, under unfavorable conditions, the pathogenic 
fimgi accomplish the infection by passing through the cork layers of 
weakened lenticels. This is why mulberry blight occurs in the heavy 
snow region, where the plants are buried for a long time under heavy 
snow cover and lose their vigor. 

The fungal components of the lenticels vary with the variety of 
mulberry, depending on the structure of the lenticels. In general, te 
rough structured lenticels have more fungi than the closed type. The 
correlation between resistance to mulberry blight and number of fungi 
isolated is inverse. A large number of fungi were isolated from the 
lenticels of resistant varieties, but a few can penetrate the cork cam- 
bium. On the other hand, only a small number of fungi were isolated 
from the lenticels of susceptible varieties, but a large percentage o 
them were able to penetrate the cork cambium of the lenticels (Aoki, 
1945). 

B. Mechanical Barricade Tissues as a Factor in Resistance to Invasion 


Mechanisms that interfere with invasion of the host (1) 
static resistance to spread, already present prior to in ection, an " 
dynamic defense reactions which become apparent ^ter 
(Gaumann, 1950). In the present section we shall deal with 1 1 
from the histological vie^vpoint . , r-inr 

Resistance to invasion is sometimes associated with 
acleristics of walls. This resistance opposes the progress of pathogem 
and may be distributed ihrougliout the tissues or oca iz 
barricade tissues. , . t 

The epidermis of wheat varieties the eni- 

the inner walls of which are sometimes hgnified. Just ben . 



400 


S. AKAl 


dermis there is chlorenchymatQus coUencliyma- Tliis tissue sometimes 
extends in an almost continuous band around the entire stem, although 
it usually is interrupted by the strands of sclercnchyma. The collen- 
chyma cells, then, are aggregated into isolated bundles, tbe size and num- 
ber of which vary considerably in different varieties. In Kota, the scle- 
renchyma fibers divide the collenchyma into distinct areas, while in Little 
Club the sclerenchyma is much less conspicuous and the collenchyma 
is practically continuous Marquis stems have somewhat more scleren- 
chyma fibers than the Little Club stem; in the stem of Sonem emmer 
a large amount of sclercnchyma is always developed. The collenchyma 
areas in this variety are extremely small and the sclerenchyma area is 
decidedly predominant, making up the major portion of the stem proper. 
Less infection with both Pticctaio triticina and P. graintnts takes place on 
stems of Sonem emmer than of any other wheat (Hursh, 1924). However, 
under epidemic conditions, a large number of individual infections may 
result even on varieties with extensive sclerenchyma. Under such con- 
ditions, the susceptible Little Club and Marquis varieties are seriously 
injured. The structure of the stem affects only the extent of the spread 
of rust fungi and its subsequent rupture of the epidermis. However, re- 
sistance to stem rust must be considered as being due fundamentally to 
a plasmatic defense 

Rice leaf smut, caused by the infection of Entyloma oryzae^ shows 
a black, short, linear symptom limiting itself usually between two veins 
of leaves Thus, the mechanical tissues affect the extent of the spotted 
area. Fertilizer affects greatly the development of the mechanical tissues, 
especially when upland rice plants are cultivated under flooded condi- 
tions (Shimada, 1957). 

11. Dynamic Defense Reaction 

In contrast with the defensive structure, the dynamic defense reaction 
IS evoked postinfectionally by response to the stimulus of infection, on 
the one hand forming histological barricades, and on the other revealing 
protoplasmic defense in the cel! itself. In some cases, these host responses 
may be considered an inflammatory reaction. However, this discussion 
will be limited to situations where infection by pathogenic organisms is 
prevented. 

Tlie defense reaction can be classified according to its origin: (1) the 
autonomous antiparasitic defense reaction, and (2) the induced defense 
reaction. We shall deal here with the former only. According to Gaumann 
(19o0), the antiparasitic defense reaction (anti-infectious defense reac- 
tion) is the reaction of cells aimed directly at the pathogen and intended 
to weaken and destroy it. The existence of this reaction in cells is shown 
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by the fact that most infectious plant diseases, not systemic, do not 
spread mdiscnmmately through the host The curves in Fig 4 actually 
show this Thus, after a certain time, the disease intrusion comes to a 
standstill Infection remains localized giving to a disease its character 
istic symptoms 

We have shown above, that tiiere are some cases where outer epi- 
dermal layers and mechanical barricade tissues are capable of preventing 
pathogenic invasion However, if a pathogenic organism should make its 
way into the interior of plant tissues by passing through these barricades, 


!/37mm 



Days efopset) efier irioculeUtn 

Fic 4 Curves of developing areas m spots revelled in leaves of rice plants 
due to the infection of Cochhobolus mtyabeanus ( 1 ) supplied with a large amount 
of ammonium sulfate (2) supplied with norma} amount of fertilizers (After Kuro 
saki, 1957 ) 

the defense reaction against further intrusion by the pathogen may he 
induced autonomously m the focus of the invasion point Tlien, the 
autonomous defense may appear on tlie one hand as a histological bar 
rier which acts to demarcate the infected lesion (histogenic defense reac 
tion), or, on the other, as a plasmatic activity in the cell itself 
First, we shall deal with the histogenic reaction 

A Histogenic Defense Reaction 

Defense reactions which are exhibited histologically vill be consicl 
ered in this section Defense of this type may be manifested as a demar- 
cation of the infected lesions and as a callus like spelling of the mem 
brane Both sene to prevent further intrusion of the pathogen Gaunnnn 
(1950) has stressed the antitoxic effect m some cases of dcmaraition 
Tins involves (1) demarcation of infected lesions bv forming cicafncid 
layers, abscission cells, tvJoscs, or gum, (2) callus )iU sudhngs or cil 
losittes formed on the wall 
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dermis there is chlorcnchj'matous collenchyma. This tissue sometimes 
extends in an almost continuous band around the entire stem, although 
it usually is interrupted by the strands of sclerenchyma. The collcn- 
chyma cells, then, are aggregated into isolated bundles, the size and num- 
ber of which vary considerably in dififerent varieties. In Kota, the sclc- 
renebyma fibers divide the collenchyma into distinct areas, while in Little 
Club the sclerenchyma is much less conspicuous and the collenchyma 
is practically continuous. Marquis stems have somewhat more sclercn- 
chyma fibers than the Little Club stem; in the stem of Sonem emmer 
a large amount of sclerenchyma is always developed. Tlie collenchyma 
areas in this variety are extremely small and the sclerenchyma area is 
decidedly predominant, making up the major portion of the stem proper. 
Less infection with both Puccinia triticina and P. graminis takes place on 
stems of Sonem emmer than of any other wheat (Hursh, 1924). However, 
under epidemic conditions, a large number of individual infections may 
result even on varieties with extensive sclerenchyma. Under such con- 
ditions, the susceptible Little Club and Marquis varieties are seriously 
injured. The structure of the stem affects only the extent of the spread 
of rust fungi and its subsequent rupture of the epidermis. However, re- 
sistance to stem rust must be considered as being due fundamentally to 
a plasmatic defense 

Rice leaf smut, caused by the infection of Entylama ortjzae, shows 
a black, short, linear symptom limiting itself usually between two veins 
of leaves. Thus, the mechanical tissues affect the extent of the spotted 
area. Fertilizer affects greatly the development of the mechanical tissues, 
especially when upland rice plants are cultivated under flooded condi- 
tions (Shimada, 1957). 

W . Dynamic Defense Reaction 

In contrast with the defensive structure, the dynamic defense reaction 
is evoked poslinfectionally by response to the stimulus of infection, on 
the one hand forming histological barricades, and on the other revealing 
protoplasmic defense in the cell itself. In some cases, these host responses 
may be considered an inflammatory reaction However, this discussion 
will be limited to situations where infection by pathogenic organisms is 
prevented. 

Tlie defense reaction can be classified according to its origin: (1) the 
autonomous antiparasitic defense reaction, and (2) the induced defense 
reaction. We shall deal here with the former only. According to Gaumann 
(1950), the antiparasitic defense reaction (anti-infectious defense reac- 
tion) is the reaction of cells aimed directly at the pathogen and intended 
to weaken and destroy it. The existence of this reaction in cells is shown 
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by the fact that most infectious plant diseases, not systemic, do not 
spread indiscriminately through the host The curves in Fig. 4 actually 
show this. Thus, after a certain time, the disease intrusion comes to a 
standstill. Infection remains localized, giving to a disease its character- 
istic symptoms. 

We have shown above, tliat there are some cases where outer epi- 
dermal layers and mechanical barricade tissues are capable of preventing 
pathogenic invasion. However, if a pathogenic organism should make its 
way into the interior of plant tissues by passing through these barricades, 
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Ooys elapsed offer inoculation 

Fio. 4. Curves of developing ureas .n spots revealed in leaves 
due to the infection of Cochhobolm m.yobeanu,- (1) supplied with a 1^= 
of ammonium sulfate, (2) supplied with normal amount of fertilizers ( ter uro- 
saki, 1957.) 

the defense reaction against further intrusion by the patliogen may be 
induced autonomously in the focus of the mvas.on P^- Then. ^ 

„„„ Li™ -i-'XSE. 

Fhst. we shall deal with the hrstogenic react.on. 

A. Histogentc Defense Reaction 

„ , „hich are exhibited histologically will be consid- 

Defense may be manifested as a demar- 

ered in this section. ^ callus-like swelling of the mem- 

cation of *e mfec further intrusion of the pathogen. G.iumann 

brane. Both servo t p effect in some cases of demarcation. 

^950) has , ^^eation of infected lesions by forming cicatrici.il 

Tliis involves: ( ) ...inscs or gum; (2) callus-llke swellings or cal- 
layers, abscission cells, t> loses, o b , i / 

losities formed on the wall. 
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1. Demarcation of Infected Lesions 

After infection, the invaded tissue is sometimes demarcated histo- 
logically. In some cases, this results from cork layer formation and in 
others from gum deposition or from formation of abscission cells 

a. Cicatricial Layers In some plants, subenzed healing tissues de- 
velop. demarcating the localized lesions of infection. This may lead to 
scabbing Metabolic products secreted by the causal organism may 
stimulate the formation of this cicatricial demarcation. Fungi of the 



r:c 5 Rincwtd nicnsitcm forrowl around the ntcrotic lesion of fniit of grape 
insadtd EJsinoc nmpcfmfl (c) conidial sonis, (g) cells showing granular deposits, 
(n) necrotic tell group, (t) renewed menstcni 

gcntis SphaccJonia arc especially able to induce cork cells to form in 
various plants and give llicm a characteristic scabby appearance on the 
surface. As Gaumann (1950) suggested, the cicatrice may cut off the 
innuence of to\ic substances of the fwngi, which may diffuse from the 
infected area. lie designated ibis phenomenon as the antitovic defense 
reaction An antliracnose disease of grape infcctcnl by VAsinoc ampeUnn 
and citrus scab caused by lAsinoc fawcetU are reprcscntntiscs of this 
t>pe, Sphocclomn ampiUnum, Urc conidial stage of Cfsinoc ompeUna, 
att.icks e\er\* part of the plant. On fniils, the first noliceahle symptom is 
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a minute round speck on the surface. With gradual increase in size of 
spots, the peripheral region more or less bulges out accompanied by t)ie 
formation of a depression of the central area. Renewed meristematic 
activity occurs in cells of the peripheral zone of the spots. From this 
meristem (Fig. 5,t} cork cells may be fonned (Akai, 1951). On soybean 
pods, a suberized barricade delineates the area infected by Sphaceloma 
htrozawana. At first, the cytoplasm degenerates and turns brown in the 
invaded epidermal cells, whereupon the hyphae do not enter into the 
palisade tissue. Thereafter, the proliferation of palisade cells takes place 
under the infection focus, thus making a scabby appearance. 



Fic. 6 The postmfeclion cork layers in the lesions of citrus melanose on the 
stem of grapefruit, (k) renewed phellogen, (n) necrotic criis, (s) stone cells (not 
a response to this invasion). (From Akai, 1950 ) 


The melanose disease, caused by Pbomopsis citri (Diriporthe cilri) 
develops on leaves, stem, and fruits of citrus, where it causes ahundant 
small black spots. Although there is no corky appearance to the unaided 
eye, a perfect demarcation of the infected zone is produrcd by the post- 
infection cork layers (Fig. 6). On artiBcinlly wounded fruits, the path- 
ogen is forced to express a stem end rot symptom that causes the enirre 
fruit to break dorni. However, ivhcn uninjured fruits arc used, typical 
melanose spots result. TIic band of cork layers may clfcctivcly cut off 
the growth of the mycelium and prevent further mrasion of the catis.il 
fungus toward the interior of the fnnt. Ute region hnlgcs out. hut not 
noticeablv so due to hypcrpkisia of ceils Tl.e cells outside tlic cork 
lavcrs'coilapso and turn bronm. showing a granular hilly degeneration 
of the c>toplasm (nacl. and Wolf, IB’S). 


I ir. i. llio iiif.xilon n.shion of tliUcobtuldimn momi>a <lcrh«l from tfie ir 
Tintn'li r/ ITr'," tho .Inrct.j parcncl.jr 

pouto tuWr. (Aft.T A Ito. 1919. B: ShtiiU rt c/.lOST ) 
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Tile destructive "Murasaki-Mompa” disease caused by Helicohasnhuni 
mompa causes rot of underground parts ot many plants, some 45 families 
76 genera, and 104 species (Ito, 1949). The basal part of stews and 
fleshy roots of apple, mulberry trees, and s\vect potatoes are among those 
that are severely attacked. On sweet potatoes, the mycelium of the fungus 
grows epiphytically for a long time as a purplish, felt-Iike network of 
rhizomorphs. During this period, hyphae penetrate into the middle 
lamellae of the cork layer cells, but not so deeply as to pass through 
the cork layer (Suzuki et at., 1957). 



Fig 8. Types of reaction in tubers of sweet potato affunst flcUcohasidium 
mompa' (d) degenerated zone, (p) pendcrm, (r) postmfectionally renewed cork 
layers (After Suzuki, 1957.) 

The penetrating hyphae (Fig. 7) gradually develop into a bundle 
and finally into an infection cushion (Ito, 1949, Suzuki et ah, 1957). 
Thus, the hyphae of the cushion gain entrance into the starchy pa- 
renchyma and cause rot of the tubers. 

Defense of the tubers against fungal invasion is obsers’ed most 
actively during the period of rapid growth. In response to invasion, the 
cork cambium develops layers of suberized cells that are more than sit 
layers deeper than normal. Infection in this disease is of the following 
four types (Suzuki, 1957). , , , , , , i 

Type 1. Tlie invasion hyphae are inhihifcci from reaching the starchy 
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parenchyma by rapid and successive formation of cork layers. This 
causes sloughing oflE of the infected zones (Fig. 8-1). Host cells degen- 
erate, turn brown and enclose the tips of the hyphae. There is no change 
in appearance of the tuber to the unaided eyes. 

Type 2. The starchy parenchyma beneath the infection cushion dis- 
plays a brown rot appearance, and die post infection cork layers (Fig. 
8-II,r) inhibit further invasion of the hyphae by enclosing the brown 
rotted area. Thus, a complete demarcation of the lesion takes place. 

Type 3. A rapid change in light brown color of starchy parenchyma 
occurs under the infection cushion. This change develops widely, finally 
causing a soft rot of tubers. 

Type 4. Starchy parenchyma is macerated without change in color 
by intensive pectolytic activity of the fungus. 

Type 1 represents the most active defense against fungal attack. If 
the fungus passes through the barrier, the second type of defense may 
be induced. The third and fourtli types may occur in the susceptible 
condition of tubers. 

Lignification of cells takes place in the periphery directly in contact 
with the rotted brown zone, and two to three layers away from this 
peripheral lignification, a second lignification occurs in cells. When the 
lignification does not occur, the rotting of tissues proceeds rapidly. How- 
ever, the cork may be most stable against the action of this fungus. There- 
fore, when the disease proceeds gradually, it is checked almost com- 
pletely by the newly formed cork cell layers. The lignified cells, however, 
do not check the disease completely as do the cork cells. Usually, the 
second type of defensive cork layers develops in the periphery of the 
necrotic zone, surrounding the lignified cell layers, when tissues arc 
resistant. Cork layers do not form in susceptible tissues. 

At the first stage of infection, the middle lamellae of cork layer cells 
arc penetrated by the fungus, as has been showm before. Poetic material 
in the middle lamellae swells when the lij'phao come in contact with it 
and the pH value is decreased. After passing through the cork layers, 
the fungus comes into contact with the starchy parenchyma. In suscep- 
tible varieties, these tissues are then macerated by the action of fungal 
cnTsmcs. Itaconic acid is isolated from such tissues (Araki ct al. 1957). 
Tlic decrease of pH in these tissues is mainly due to the accumnlation 
of chlorogenic acid and cafTcic acid, and to itaconic acid produced by 
the ftjngus. When treated with nilhcnhim red In the early stage, the 
pectic substance of the invaded tissues — in contact with the hyphae — is 
stained yellow, and the tissues l>cncath the phellogen arc stained eanninc 
red. FeCh-potassiiun ferric)’anide solution stains pectic materials in the 
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cork layers blue No color reaction occurs in pcctic materials product d 
postinfectionally 

Lignification of the cell membrane is accelerated by mfection Inc 
red color reaction of cell membranes treated witli phloroglucin HCI is 
chiefly due to hgnm, although caffeic and galacturonic acids react simi 


larly (Suzuki, 1957) 

Corky demarcation appears on vanous other plant diseases In ches 
nut bhght, caused by Endothta parasttwa trees often develop a cork 
barrier (Bramble, 1936, Bazzigher, 1957) Infection by Acttnomyces 
scabies causes a scabby appearance on the surface of developing potato 
tubers Similarly, Cladosporium carpophtlttm causes a corky 
on the surface of peach fruits In apples and pears, once e re ig 
lesions are corked off, the cork layers and the xylem commonly serve as 
relatively effective barriers against further invasion of t e causa ac er 
(Shaw, 1934) In the diseased leaves and petioles of Aralia cordata an 
Fafsia ^aponica infected by Elstnoe araUae, cork ayers very 
those found on the diseased stem of grape are formed " 

erotic spots If the fungus invades further, after the cor “y®” liBuifica 
underlying collenchyma cells undergo a rapid ligni ca lo ranidlv 

tion of hist fibers beneath the diseased spot takes place more rapidly 

than in unmfected tissues , of 

A very definite cicatrice forms at the margin of the 
leaves of Pnmiis domesUca attacked by Ccccomyces primop/iorfle ^ c 
healing tissue of wound periderm consists of several 
phellem IS made up of a mass of large ce s whose 
only suberized but also lignified The cells lymg ‘ " “"“i; 

lesion become filled with a dense granular substance 
while the remammg cells are apparently evoi o phellogen and 
dermal cells of this layer also have suberized '™''* Jf^fprising 
phelloderm are present in the wound periderm ,,„lv cellulosic 

these two layers are thick walled but **"' L pip-nogcn con 
m nature Chloroplasts are absent from " 

sists of a smgle layer of cells which are filled The 

while the cells of the Phehoderm contain only a penpheral Hje 

periderm ties betiveen the two epidermis of die lea (Fig 9) 
perfectly the diseased portion (Cunnmghain, 19-8) , „ pf 

^ /-all nrntmd tlie necrotic lesions have been notca m i 

t^nfccted by Cercospora hcttcola, in PauloiLma twigs in cc c 
sugar beet ppp]e leases attacked b> PlnjsaIos,,ora 

by Gtoeos,,nr.»m ^iraka^ PP pprt,„ns 

:?t"irot Che- - peach showing d.eback caused b> F«/sa ,opon.cP . 
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Leucostoma personu, in geranium stem rot caused by Pythium com 
plectem In tobacco plants the rapidity of cork formation beneath the 
lesions due to the attack of Tfitelamo basicola is an accurate criterion of 
its resistance (Conant, 1927) In leaves of Ntcotmna gluttnosa infected 
with tobacco mosaic virus, a corky barricade is also formed around the 
necrotic spots (Yosliii and Kawamura, 1947) 

Sweet potatoes have the ability to form cork layers covering wounds 
when the environmental conditions are favorable (Weimer and Harter, 
1921 ) The wound cork layers may be healing tissue, but they sometimes 
serve as a defensive mechanism against the mvasion of pathogens In 



Fic 9 Cork li>cr at the edge of n lesion on a leaf of Prunus domesttca caused 
by Cocconiyccs prunophorae (After Cunningham 1928 ) 

cut tubers of potatoes, tlie outej ^\alls of living cells subenze at the cut 
surface and after%vards wound periderm may be formed This prelim 
inuy subcnzalion in cell walls has been termed the pseudocicatnce 
(\\'>lic, 1930, 1931) Generali), the first effect is defensive lignification 
of cells surrounding the wound, and deposition of wound gum takes 
phee At the inner side of tins bamende, a set of cells lose their resene 
nutrient and chlorophsts and form a renewed mcristem tint divides to 
form cork cells From the resulting differentiation of cork mother cells, 
the five or ten lavers of cork cells are fonned 1)\ division on the outer 
side Tliosc cork birners arc formed most vigorously under conditions 
ranging between 30°-3o° C and 90-95X rclaliv e hiimidit) Under exets 
sivc huiniditv (90-1007) cork formation is retarded, while lielovv SOT 
no cork IS fonned m swttt potato Ciosbii, 191-1) In cut tubers of pota 
toes the optimum temperature for siiberization of superficial cells and 
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formation of wound periderm is bebveen 21 and dS"* C (Arlschwajier, 
1927). 

Soil moisture may be one of the factors influencing cork formation 
in tubers. Without doubt, water-logged sods fa\or the growth of the 
soil-borne pathogens, especially the facultative anaerobes. An excess soi 
moisture obviously inhibits cork formation and enhances the inci ence 
of the disease, e.g., blackleg of potato. Therefore, the presenc^ of air 
(oxygen) may be necessary for the formation of cork cells (Ja rmann, 

1913; Leach, 1931). _ , 

Wound cork layers are found in the mulberry lOot is cor is 
formed during the growing season, as in stems, starting from menstema ic 
cells near the cambium, but not from the lignifled bast fibers o'' 
tissues. These layers, to some extent, prevent the sprea mg o le is 
ease caused by Roselinia necatrix, but when the myce , 

the cork layers, it usually ruptures them (Sakurai, 1952). Thus, cor 
layers are sometimes of no value as a barrier to t le invasion 
pathogen. The entrance of CtjUndrocarpon ehrenberg, ““urs by direct 
penetration of the cork covering in roots of alfalfa and • 

The hyphae mass up and push their way between the cork cells 
apparently mechanical manner (Cormack, 1937). 

b. Ahlcission Layers. Whatever the cause may be the spots p^^ 
duced on leaves of stone fruit plants slougi ou . , j ( 

bacteria, pathogenic to these plants, produce such a 
Moreover, the perforation may be formed by wounds or 
tag a dilute (0.01 M) copper sulfate solution. Leaves °f 
plLed under copper wires are very easily Purfeated by the coppc 
leached from the wires see 

In the leaves of P^uh cells Lrrounding die spots. These 

the swelling of one “ meristematio. MOien their middle 

r y . y r — 

produced. The swelling takes ellipsoidal or 

spongy parenchyma, ^ese necrotic area from die 

retort-like in shape. Jl'ey .^^l, s|,rivels. dies, and sloughs off. 

healthy tissues, and this Ussu b mniod from the damage, caused 

In this way, the healthy i n,M,ogen or the products of the dying 
possibly by the tosins of die pat b 

lesions (Fig. 10). , ,l „ leaves of Pn/niii nmi/gdnlns takes pkirc .is 

Perforation of spots in . . (Clast crorporium) carpophUum 

a result of die attac Samuel, when leaves form the abscission 

(Samuel. 1927). Auuording supplied uilh staler, 

colls, they must be young 
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Fio 10 Abscission cells produced around the necrotic area m peach leaf 
{variety Denjuro) induced by Xanthomonas prum (p) normal palisade tissue (t) 
abscission cells (v) normal parenchyma cells in the vascular bundle (From Afcai 
1951 ) 



Fic 11 Ferforation of the diseased spot produced on leaf of Pnintis laufO 
ccrastis infected by Clasicrosponum carpopJtilum Lignilied cells (1) appear at the 
periphery of diseased area Tlie abscission layer (a) is formed outside of the lignified 
cells (After Samuel 1927 ) 
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Therefore, the infected tissues in young leaves are mvanabi) abscisse 
If leaves are old or moisture relations unfavorable, abscission cells are 
not formed, and the infected tissues do not fall out In this case t le 
meristem cells become suberized. Thus cutting off of the in ecte 
may be caused by a barrier of wound cork, which also serves to t cc 
further extension of the fungus into tlie leaf. Moreover, ce s swe m a 
narrow zone at some distance from the margm of the ^ 
form an abscission layer. Suberization of tlie walls of cc s a ong e 
abscission line occurs soon after the cuticle ruptures Subsequent 
of the meristematic layer result in the formation of ^ ® 

shaped cells that become suberized and slightly ligni e ( ig 
\Vhere abscission does not occur, the initial changes are simi ar, ^ 
the later stages the walls of the cells on the inner side of the occludca 
zone lignify and the walls of the meristematically forme ce s su 
Outside the abscission cell layer similar cork layers are orme i 
healthy part of peach leaves around the spot of Xant world 

cicatricial layer may perfectly cut off the tissues from t e e . 

preventing excessive evaporation from the thin abscission cells 

and keeping back the injurious effect of the secondary mvasion of even 

broom, small sized leaves are formed. In sprmg e P surface of 
causal fungus, Taphrina cerasi, are produred on e 
these leaves. This Lus develops in a fsc^ 

Even in such diseased leaves, the lesion sloughs ® r epi- 

cells around the area, after the ascospores mature. * PP ^ 

dermal ceUs begin to collapse, the abscission 
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Fig 10 Absassion cells produced around the necrotic area in peach leaf 
(viriety Denjuro) induced by Xanthomonas prtini (p) normal palisade tissue (t) 
abscission cells (v) normal parenchyma cells m the vascular bundle (From Akai 
1951 ) 



FiC 11 Perforation of the diseased spot produced on leaf of Pnincis 
ccrastis infected by Clast crosporium carpopfiifum Lignvfied cells (1) appear at the 
periphery of diseased area Tlio abscission layer (a) is formed outsiclo of the Iignii e 
cells (After Samuel 1027 ) 
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Therefore, the infected tissues in young leaves are m\<mabl> abscissed 
If leaves are old or moisture relations unfavorable, abscission cells arc 
not formed, and the infected tissues do not fall out. In this case the 
merislem cells become suberized. Thus cutting off of the infected 
may be caused by a barrier of wound coih, which also serves to c ec 
further extension of the fungus into the leaf. Moreover, cells swell in a 
narrow zone at some distance from the margin of the invaded area an 
form an abscission layer. Suberization of tlie walls of cells a ong t e 
abscission line occurs soon after the cuticle ruptures. Subsequent ivisions 
of the meristematic layer result in the formation of ^ ° . 

shaped cells that become suberized and slightly ligni e ( ig- )• 

Where abscission does not occur, the initial changes are simi ar, u in 
the later stages the walls of the cells on the inner side o t e occu e 
zone lignify and the walls of the meristematically forme ce s ^ 
Outside the abscission cell layer similar cork layers are orme ^ ® 

healthy part of peach leaves around the spot of Xanthomonas pram, 
cicatricial layer may perfectly cut off the tissues from the ’ 

preventing excessive evaporation from the thin walled a j. 

and keeping back the injurious effect of the secondary invasi 

broom, small sized leaves are formed. In spring e asc p ^ 

causal fungus, Taphrina cerasi, are produced ™ 

these leaves. This sorus develops in a bscM^^^ 

Even in such diseased leaves, the lesion *'°“Shs out.^oducing 

cells around the area, after the ascospores mature. When the uPPer ep. 

dermal cells begin to collapse, the abscission ^ 
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(1923) supports a different interpretation. He considered the presence of 
air within the exposed vessels to be the chief cause of tylosis formation. 
However, judging from Powers* observation (1954), tyloses and gums in 
the vessels of diseased stems are caused primarily by toxic effects of 
decomposition jiroducts of invaded cells. These toxic substances are not 
systemic in nature, but affect primarily a restricted region in the xylem 
Moreover, he considered that these toxic substances are not necessarily 
products of fungal metabolism since cell decomposition products alone 
induce a similar reaction. He observed that a severe wilting of tobacco 
plants, with tylosis and gum formation, developed when excised healthy 
plants were placed in extracts of either healthy or black shank affected 
plant tissues. On the contrary, Bazzigher (1957) considered tylosis 
formation in the diseased portion of chestnut trees invaded by Endothia 
parasitica to be attributable to the stimulus of diaporthin, a metabolite 
of this fungus. 

Tylosis clogging in vessels impedes the flow of water. Such mechan- 
ical blocking of conductmg elements by tyloses is held as the chief factor 
responsible for wilting and drying of leaves on infected chestnut trees 
(Bramble, 1938) In oak trees, infected by ChaJara quercina (Ertdoconi- 
dlophora fagacearum), extensive plugging of the xylem vessels with 
tyloses and gums precedes the foliage wilt. Tyloses are formed in the 
large vessels of the spring wood, especially of the last annual ring, but 
less so in the small vessels of the summer wood (Stnickmeyer et aZ, 
1954). In the xylem of diseased sweet potatoes tylosis and vascular dis- 
coloration usually occur in advance of the invading mycelium of the 
wilt fungus, Fusarium oxtjsporwn f. batatas (Watanabe, 1939, McClure, 
1950). In this case the tylosis-clogged vessels may serve to prevent the 
invasion of the pathogen. Tyloses have cellulose walls, formed from 
adjacent living cells by extrusion through half-bordered pits. Often they 
are so numerous and large that they become closely packed in the vessel 
lumen, losing their original spherical shape. After staining by Cart- 
wright’s method, the walls of most of the tyloses are blue, except those 
nearest to the pathogen, which are stained red. In this latter region a 
substance which appears to be wound gum accumulates in the interstices 
beUveen tyloses, and behveen tyloses and their enclosing vessel walk 
Penetration of the tylosis blockage or rupture of tyloses by the wilt 
fungus has not been observed. Hyphae pass through vessel element aper- 
tures and through unobstructed pits, but do not directly penetrate cell 
walls or pits which are covered with wound gum (McClure, 1950). 

Tlierc seem to be two types of gum materials secreted by plant tis- 
sues (Yoshii and Kawamura, 1947): one is the gum which appears on 
stone fruits, and the other a wound gum which shows a lignin-like color 
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(1923) supports .i clifftruit interiirctation 


lie considered the presence of 


nir within the exposed vessels to be the- chief cause of tylosis fonnation 
However, judging from Powers’ observation (19o4), tyloses and gums 
the vessels of diseased stems arc cuised primarilv by toxic cliects 
decomposition products of invaded cells Ihese toxic substances are no 
systemic in nature, but affect primarily a restricted region m the xylem 
Moreover, he considered that these toxic substances are not necessarily 
products of fungil metabolism since cell decomposition products alone 
induce a similar reaction He observed that a severe wilting 
plants, with tylosis and gum formation, developed when excised heal ly 
plants were placed in extracts of either healthy or black shank affected 
plant tissues On the contrary, Bazzigher (1957) considered ty osis 
formation in the diseased portion of chestnut trees invaded by Kndotnia 
parasitica to be attributable to the stimulus of diaporthin, a metabo ite 
of this fungus 

Tylosis clogging m vessels impedes the flow of water Such mecnan 
real blockmg of conducting elements by tyloses is lield as the chief factor 
responsible for wilting and drying of leaves on infected chestnut trees 
(Bramble, 1938) In oak trees, infected by ChoJara querema (Endocont 
dtophora fagacearum), extensive plugging of the xylem vessels with 
tyloses and gums precedes the foliage wilt Tyloses are fonned in the 
large vessels of the spring wood, especially of the last annual rmg, but 
less so in the small vessels of the summer wood ( Struckmeyer et cl , 
1954) In the xylem of diseased sweet potatoes tylosis and vascular dis- 
coloration usually occur in advance of the invading mycelium of the 
wilt fungus, Fusarium oxysporum f batatas (Watanabe, 1939, McClure, 
1950 ) In this case the tylosis clogged vessels may serve to prevent the 
invasion of the pathogen Tyloses have cellulose walls, formed from 
adjacent living cells by extrusion through half-bordered pits Often they 
are so numerous and large that tliey become closely packed in the vessel 
lumen, losing their original spherical shape After staining by Cart 
wnght’s method, the walls of most of the tyloses are blue, except those 
nearest to the pathogen, which are stained red In this latter region a 
substance which appears to be wound gum accumulates m the interstices 
between tyloses, and between tyloses and their enclosing vessel wall 
Penetration of the tylosis blockage or rupture of tyloses by the wilt 
fungus has not been observed Hyphae pass through vessel element aper- 
tures and through unobstructed pits, but do not directly penetrate cell 
walls or pits which are covered widi wound gum (McClure, 1950) 
There seem to be two types of gum materials secreted by plant tis 
sues (Yoshii and Kawimura, 1947) one is the gum which appears on 
stone fruits, and the other a wound gum which shows a hgnin-hke color 
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reaction The former gum appears most often on fruits, branches, or 
trunks of stone fruit trees, and is also associated with injury from insects 
or mechanical sources Valsa disease of peach always produces gummosis 
if the trees are vigorous The gum is mainly composed of pentosans as 
shown by the pectm like reaction, and is produced by the liquefaction 
of woody membranes On the other hand, wound gum deposits occur m 
the injured portion, where the substance fills the cell lumen and some- 
times permeates the cell walls, especially on the abnormally swollen 
walls (Yoshii, 1948) 

Gum deposition along the border of diseased lesions often serves 
as a protective demarcation and constitutes a type of mechanical resist- 
ance Surrounding the necrotic lesion on the leaves of Unshu orange 
produced by Phyllosticta, ^vound gum deposits demarcate effectively the 
healthy tissues from the diseased lesion, by causing a marked constric- 
tion of the necrotic lesions (Yoshn, 1949) In the stems of cherry affected 
by canker disease, the causal fungus of which is Valsa japomca, similar 
gum like deposits are formed in wood vessels Gum gradually replaces 
the starch and other contents m the medullary ray cells, wood paren- 
chyma, and the wood vessels are slowly plugged up by the deposits of 
the gum (Hemmi, 1916) 

In the silver leaf disease caused by Stereum purpureum, under con 
ditions favorable for gum formation, the wood of the host produces so 
much gum m advance of the fungus in a relatively short time, that the 
fungus becomes completely enclosed by an impassable gum barrier 
Within diis barrier, the fungus may continue to live for a considerable 
time, but eventually it dies These gum barriers may correspond to the 
protective wood (Frank, 1895), as developed by the deposition of gum 
and browning of cell walls They usually develop within an inch of the 
wound and require at least t%vo months for their completion (Brooks and 
Brenchley, 1931) Hesler (1916) has found a similar gum barrier m the 
diseased part of apple twig, infected by Physalospora cijdomae showing 
a brown deposit in wood fibers and wood parenchyma cells (Fig 12) 
In nomnoculated cotyledons of ‘ Proso,” a scab resistant variety of 
cucumber, mechanical damage by scratdung induced a wound reaction 
Tins was revealed by the secretion of a granulated yellow substance that 
almost filled the intercellular spaces between healthy cells m the neigh 
borhood of the damaged zone In addition, the walls of some of these 
cells become yellowish m color and no longer stained with zinc chloride- 
lodine The yellow substance stains widi ruthenium red, and reacts posi 
tively to the lignin test with phloroglucin hydrochloric acid In Proso,” 
3-5 days after inoculation with Cladosporium cucumermum, the myce- 
lium seems to stimulate sccrekion of tlie yellow substance so that it fills 
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the interior of the healthy cells as well as the intercellular spaces in an 
almost uninterrupted zone around tire wound. The contents of some of 
the cells in this zone contain a yellow granular substance, whereas the 
cell walls are yellow in color and slightly swollen. Within this zone, 
liyphae are rarely found and beyond it they are entirely absent. Evidently 
this zone acts as a barrier against further spreading of the causal fungus. 
Probably tbe formation of the yellow granular substance plays an im- 
portant role in this respect (El-Din Found, 1956). 



Fig 12 Gum barrier In the apple twig infected by Phijsalospora cydotiKP 
Mycelium is shown m the xylem ducts (After Hesler, 191B ) 

In the wilt disease of sweet potatoes, wound gum is also produced 
Wound gum, which is golden brown but stains deeply with safranui, i 
often found in hemispherical masses which protrude into the lumen o. 
the invaded vessel. Tliese gum deposits are usually located on half 
bordered pits, and apparently seca-eted througli the pits by the adjacen 
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living cells. Bordered pits sometimes bear gum deposits, but in every 
case a living tylosis is contiguous with the other face of the pit ( McClure, 
1950). Thus, tlie wood gum formed in half-bordered pits in the vicinity 
of the pathogen may act, physically or chemically, as a barrier which 
prevents hyphal penetration of the adjacent living cells. Consequently, 
wound gum may play a part in preventing botli the penetration of the 
pathogen into tyloses and its intrusion between the vessel wall and 
tylosis wall. 





fic. 13. The brown change of cells m blast diseased lesion of nee leaves. 
(A) Kan-Non-Sen higldy resistant, (B) Gin-Nen resistant, (C) Kokuryo no Miyako 
susceptible (After Kawamura and Ono, 1948 ) 

In varieties of rice resistant to blast disease or Hehmnthosporium leaf 
spot, similar deposits are formed in the intercellular spaces that aid in 
restricting the fungus to tlie area of primary invasion. These deposits are 
found to be liighly developed in Shoemed rice (resistant to belmintlio- 
sporiose), but they also have been found to some extent in susceptible 
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varieties (Tullis, 1935) In variehes of rice resistant to helmmthosporiose 
and blast disease, even after infection by the causal fungus, necrotic cells 
are filled with brown wound giim-likc substances, but do not show any 
shrinkage The failure of cells to shrink may play an important part as a 
defense reaction together with tlie antifungal substances extruded from 
cells (Kawamura and Ono, 1948, Yoshii, 1957) (Fig 13, Table V) 

2 Callus-hke Swelling and CaUostltj 

a Swelling of the cell wall In the infected host, contact with hyphae 
sometimes results in swelling of cell walls This is observed frequently 
m cuticular infection Before the entry of Botrijtis cinerea into pea leaf 
cells, swelling at the point of penetration is found in the subcuticular 
layer of cell walls, without causing any change m the cuticle (Blackman 
and Welsford, 1916) This swelling seems only a softening of the wall, 
because the fungus is soon able to penetrate it Tlie actual penetration is 
effected by pressure exerted on tlie underlying tissues, accompanied by 
the development of a fine peg-hke growth from the appressorium, which 
IS firmly pressed against the leaf surface However, some consider that 
the penetration of cuticular barrier appears to be effected by chemical 
rather than by mechanical action (Woodward, 1927) 

In at least one case, the thickened wall becomes ligmfied and acts 
as a principal factor in resistance to penetration Tins barrier may exclude 
the fungus effectively When the living leaves of tomatoes were artificially 
inoculated with conidia of Pmcularia ortjzae, the rice blast fungus, the 
cells resist penetration At first, the hyphae form appressona on the 
epidermal wall, which reacts by swelling at the contact portion of the 
appressona This swollen portion shows a Iignin-hke reaction, and is not 
transparent to light under crossed Nicol prisms The fungus seems to 
have difficulty in penetrating such a cell (Fig 14) (Yoshu, 1948) These 
abnormal thickenings of cell walls are found in oats attacked by Hel 
minthosponum avenae, and in flax attacked by Fusartum lint (Tisdale, 
1917) The latter is attributed to the formation of subenn Subepidermal 
cell walls of corn roots also become thickened prior to infection by 
Hehcohosiditim mompa (Fig 15) (Ito, 1952) These thickened walls are 
ligmfied (perhaps permeated with wound gum substance), and the 
hyphae are prevented from penetrating the thickened wall 

Cladosponum cucumertnum seemed to enter equally well both the 
resistant and susceptible varieties of cucumber However, the progress 
of the fungus within the tissue was arrested by the host parasite inter- 
action which IS associated with cell wall thickenmg and cell necrosis 
(Pierson and Walker, 1954) Tins is the mechanism which confines the 
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Fig 14 Mode of infection of Ftrtcuhna oryzae artificially inoculated on the 
living tomato leaf using hyphac (a) ipprcssonum (After Yoshii, 1948 ) 




Fig 15 Young root cells of com infected by Heltcobasullum mompa showing 
the thickened wall of subepidemial cells Hyphie are constricted more or less when 
they pass through the wall (After Ito, 1952 ) 
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disease to a relatively small number of host cells and prevents the forma 
tion of large lesions 

b Callosities In some cases, when hyphae start to penetrate cell 
walls a slight protuberance is formed on the opposite wall This pro 
tuberance elongates at right angles to tlie wall, dnectly facing the 
advancmg hyphae (Fig 16) Sheaths enclosing the mvadmg hyphae were 
probably described first by De Bary (1863), and these have been called 
callosities (Young, 1926) 

The callus (callosity) formed on epidermal walls usually obstructs 
the invasion of Olptdium victae into the cell The effectiveness of callus 



Fic 16 The penetration of cell walls by penetrating hyphae and ligni tubers 
formed about them (d) ligni tuber through which the hypha has passed (h) 
hypha (1) ligni tuber through which the hypha has not passed (w) cell wall 
(After Fellows 1928 ) 




Fig 17 Infection mode and callosity formation in cells of the rush (Juncus 
c{Jusus \ar dectpiens) imadcd by Leptospfutena functiuj (After Ikata and loshida 
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vanes according to the plant species In appropriate hosts, sucli as Victa 
umjuga, V faha, and Pisum sattvum, this parasite is able to enter the 
cell through tlie callus In other hosts such as Impatient, Taraxacum, 
Oenothera, etc , callus is more effective in defense. In some noiisuscep- 
tible plants {Chrysanthemum, Lactuca, Dahlta, etc ), the callus actually 
blocks out all infectious individuals (Kusano, 1936). 



Fig 18 
of numerous 


XlyCTrrhizal cell of rhizome of Casirodm data showing tlie fornntion 
tubular shciili (t) (After Kusano. 1911 ) 



tratmir^hvnfi rush (Juncus effusus var. deetptens), the pene- 

cells Tile e cptosphaena juncma form callosities m epidermal 

ell tin ’'calW^'' through the epi- 

voune stem 7 1 "<= generally formed most vigorously in 

young stems of plants (Fig 17) (lUta and Yosh.da, 1940) 
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In the mycorrhizal cells of tubers of Gastrodia data, a tubular sheal 
forms on the hgnified or unhgnified walls In some cases (Fig 18) 
occurs as an aggregate (Kusano, 1911) BurgeflF (1932) also found 
tubular sheatli in the mycorrhizal cells of Galeola hydra and Gastrod, 
callosa (Fig 19). 

Evidence has been cited concemmg the wart-hke protuberanct 
(sheaths) tliat form on tlie inner wall opposite the penetration point e 
if to impede penetration of the haustorium of powdery mildews, down 
mildews, and rusts 

Many investigators have stated tliat callosities or sheaths are prc 
duced mainly from the cell walls Smith (1900) referred to it as a cel 
lulose collar, formed by the protruding cell wall, and Comer (1935 



Fig 20 Callosity (callosity like body) produced on the epidennal cell wall of 
stem of the sweet potato seedling by needle pricking (After Ito 1949 ) 

considered it a swelling of wall and called it a papilla *' Kusano (1936), 
however, has a different opinion tliat the sheath of the haustorium is 
formed directly by the accumulation and aggregation of cytoplasm and 
IS not a deformation of the wall Aronescu (1934) pomted out that the 
collar-shaped basal mass surrounding haustona seems to be composed 
of materials deposited by tJie cytoplasm at tlie same time tliat the 
haustorium advances into cells Ilo (1949), however, concluded that at 
least the callosities found on tlie cork cells are produced directly from 

the wall , _ , , 

The callosities arc induced not only by the fungus hyphae, but also 
bv mechanical injuries Some c\ampks were shown by Ito (1919) in 
which callosities are fonned by pnckuig the epidermal cell walls of 
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sweet potato stem with a sterile needle (Fig 20) Some consider that 
the callosity functions to heal the wonnd caused by an invader and not 
to cheek the fungus mvasion (Kusano. 1939) Accordingly, there is no 
close connection between the formation of the callosity and the resistance 
of the plant, a matter possibly recognized m some cases (Iwata, 1940) 





liotalii slim (stn.ud"'w!t!rs^dm''lll''rj’' on pliclleni celt wall of sweet 

l.lll.t reddisl. (b) iiiidd e la“r "tiL. ^ ff"' ''“'“"8 

.-l..nl. siccn, Id, p.lic!:rfl.:nr„T^Atr^.ri9497“ 


Tho^oul“'nicmb°rMt'’mlddl™'l^ 

gctlicr with a niercmo n ^ basal part are seen clearly to- 

cases, the sheSh is fom?T" ^1) I" many 

1930). and also wli.n I 1 ’I™"® '"Sorous cells (Chu, 1935, Alai, 

toria foniicd in cells of Brn become debilitated (Rice. 1927) Ilans- 
cells of Brass, CO infected by Albugo condula. appeared to 
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be covered witli a wall when they became debilitated (Akai, 1942). 
Haustona of stripe rust {Puccmia glumarum) which are dead or in an 
early stage of degeneration, are also formed with a heavy sheath (Allen, 
1928). Haustoria of Maravalia htjalospora, a rust fungus of Acacia 
confusa, become covered after maturity. In such a case they are some- 
times dead (Hirane, 1940). 

Almost all hyphae or haustoria are able to grow out through their 
sheath and enter the lumen of cells and when they do, they immediately 
increase to normal diameter again. However, some callosities are im- 
possible to penetrate. Ito (1949) observed no hypha piercing through a 
callosity formed in the wall of phellem cell. 



Fio 22. CeDuIoso cushion, m winch Iho hyphi of Ustihgo zcae is enclosed 
(After Guttenberg, 1905.) 


The sheaths may be composed o£ cellulose (rust and downy mildew), 
but some are made up of callose (Mangin, 1896). A tenvar , m some 
cases, a gum-hke substance (wound gum) 

ances formed on die walls of cells in wheat roots infected by Ophiobolus 
graminis contain no trace of callose, but rather me composed chiefly 
of hgnin (Fellows, 1928; Robertson. 1932). Therefore m Phee of the 
terms callosity or callus used by Stevens ^ oung ( - , 

Fellows has (1928) suggested the name “lignituber. 

c. Cclluhsic coLriilg of hyphae. Often the cellulose die emelopes 
the hyphae extends out in cells as a defensive reacUon of the host. In 
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sweet potato stem with a stenie needle (Fig 20) Some consider that 
the callosity functions to heal the wound caused by an invader and not 
to check the fungus invasion (Kusano, 1939) Accordmgly, there is no 
close connection between the formation of the callosity and the resistance 
of the plant, a matter possibly recogmzed m some cases (Iwata, 1940) 





potato sum ( stamed^wlSrs^dan'lll' ■’"’'*““<1 on phellem ceU wall of sweet 
light reddish (b) middle layer sM I green) (a) outer layer staining 

purplish green) (d) p.eremg Elamo”„r(S, “oT" 
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gcthcr with a niero * fit basal part are seen clearly to 

cases, r steSr r fo^T' 
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be covered with a wall when they became debilitated (Akai, 1942) 
Haustoria of stripe rust (Puccmm glumarum) which are dead or ui an 
early stage of degeneration, are also formed with a heavy sheath (Allen, 
1928) Haustoria of Maravalta htjalospora, a rust fungus of Acacia 
confusa, become covered after maturity In such a case they are some 
times dead (Hirane, 1940) 

Almost all hyphae or haustoria are able to grow out through their 
sheath and eater the lumen of cells and when they do, they immediately 
increase to normal diameter again However, some callosities are im 
possible to penetrate Ito (1949) observed no hypha piercmg through a 
callosity formed m the wall of pheliem cell 



Fig 22 CeDulose cusluon, in which the liypha of Vstilago zcac is enclosed 
(After Guttenberg, 1905 ) 


Tile sheaths may be composed of cellulose (rust and downy mildew), 
but some are made up of callose (Mangin, 1896) Aftenvard, in some 
cases, a gum like substance (wound gum) permeates them Protuher 
ances formed on tlie walls of cells m wheat roots mfected by Ophioholus 
graminxs contam no trace of callose, but raUier are composed chiefly 
of hgnm (Fellows, 1925, Robertson, 1932) Therefore, m place of the 
terms callosity or callus used by Stevens (1922) and Young (19-6). 
Fellows has (1928) suggested the name “lignituber” 

c Celluhsic cotenns of hyphae Often the cellulose that cm dopes 
the hyphae extends out m cells as a defensive rcacUon of Uie host In 
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galls of corn smut, Guttenberg (1905) found a cellulose cushion, in 
which the hyphae of UstiJago zeae were enclosed (Fig 22) This may 
be a defense of the host plant agamst hyphal intrusion In addition to 
the tubular sheath, hyphal branches are covered m the mycorrhizal cells 
of Castrodta callosa (Burgeff, 1932) 


B Defense Originating from Cell Reactions 
Some defensive cell reactions are of cytoplasmic origin As a rule, 
these reactions are unable to prevent infection, thus keeping the parasite 
at a distance Infection, therefore, occurs in most cases, but afterwards 
the antiparasitic defense reaction is evoked and this limits the pathogen 
to a certain tissue by a necrogenous cell reaction Consequently, these 
defense reactions prevent the pathogen from progressing from its initial 
point of infection to a generalized infection Thus, the host is protected 
trom suttenng serious injury 

As Gaumann (1950) has noted, two aspects of this phenomenon can 
be considered (1) plasmatic defense reactions resulting from biochem 
lonmg 0 ivmg cells and (2) the necrogenous defense reaction 
resulting from death of cells at the infection point 

1 Plasmatic Defense Reaction 

the Dathoffen''”^A°''^r ** fssponse of the living plasma of cells agamst 
observed . o n, A' (“SO) illustrated, plasmatic defense is 

contact for a lornr'A ° pathogenic organisms which remain in 

Tlie relation of """'l “ chronic disease 

in tlio root Tindii] c i nitrogen-fi\ing Bacterium radicxcola 

dcpcndinK on th*^*h I plants, follows the three possible lines 

tlm host Remain unA'nf “‘1 P^site either 

host, or they are abiurev ''/"l Parasite overcomes the 

1050) evenly balanced (Schaede, 1932, Gaumann, 

to that pmvailmg betwera^kp*^*^^'^^ relationship is similar m character 
This is true in both the n plants and their nodule bacteria 

plasmatic defense reaction ectophytic mycorrhizae The 

uid elimination of the endophyte^^* ^ weakening, localization, 

and host ctllsAAcAntAialanAT^r? 

hhniim Sometimes, hmicser ih.. l.„ i ™ temporary equi- 

parasite Conierscly, more cenlnll ! consumed by the 

the parasite ^ situated digestion cells deteriorate 

Tlie tuberous rh.«i,u, of Costrodm c/„,„ forms an cndotropluc my- 
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corrhiza with the mycelial strands of Annillaria mellea (Kusano, 1911). 
In the outer region of mycorrliizal cell layers the cytoplasm invests tlje 
hyphal clump and tlie nucleus is stretched, often so much as to be 
divided into two portions (Fig. 23). When the clump becomes larger, 
the protoplast disappears entirely. In tile inner region (digestion cells), 
the cytoplasm increases in amount and acquires a granular and dense 
consistency, while the nucleus undergoes hypertrophy, hypercliroma- 
tophily, and various deformations by constriction. Prominent bodies 
appear in the cell which comprise both secretions and excretions of the 
endophyte. Light yellowish oiI-drop*Iike globules and similar sized 
vesicles within a hyaline membrane become visible in the cytoplasm. 



Fig 23 Mycorrliizal cells of the outer region in rhizome of Castrodia elata 
(A) Myconhizal cell in the outer region with hyphal clump surrounded by the 
cytoplasm, nucleus is stretched into two parts (B) llyphae in the process of seJf- 
disorganization (After Kusano, 1911.) 

Tliese contam yellowish granules. They are consumed later by the host 
In these digestion cells an accumulation of very fine granules is observed 
around the byphae previous to tlieir disintegration. Probably this phe- 
nomenon IS connected with the digestive action of the host ( Fig. iM ) . In 
the digestion cells of Castrodia javanica, invaded hypliae of tlie my- 
corrhizal fungus swell in a ptyosome, which is digested after\vards 
(Fig. 25) (Burgeff, 1932). 

In the acutely mfectious diseases, plasmatic defense reactions have 
the same tendencies to weaken, localize, and eliminate tlie intruding 
parasite as liave been described above. Hou'ever, tlie plasmatic defense 
reaction does not generally function with high efficiency. As a rule. 
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that the intruded hypha was enveloped within resin like materials and 
Its growth was completely interrupted (Kawamura, 1940) (Fig 26) 
Browning of cell contents is classified into several types accordmg to 
tlie mode m which the brown granular bodies are deposited (Kawamura 
and Ono 1948) Cellular browning occurs with no shrinkage and m 
volves a type of resistance (Fig 13) However according to the observa 
tions of Takahashi ( 1956) uncolored or slightly colored granular changes 
(slight yellow to slight yellowish brown) are better related to resistance 
The penetrating hyphae of Pmculana ortjzae do not grow m the unco! 



they reveal more or , hrown granules are produced m cells 

these brown cranules l^Yphae have grown When 

becomes colored dirk o?hl"“lT “ ““si ‘be whole cell 

out of such cells In som hyphae usually do not grow 

^^co,m.d m nc.ghh:rm7™eir;?c:.ir' 

P0Uto7,chcldigmcr™fTwe'T 

be distmgiiisbid (Fig 071 '’'^S™cration process CJn 

resist ,„t s meLs ’ctiIrT,''’T ^“"Sal penetration of 

accelerates the appearance of protoplasmic 
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strands and the migration of the nucleus toward tlie mfecbon point 
Thus the rhytlimic movement of the nucleus around tlie infected port 
IS evoked m tlie early stage of the mfection (phase 1) Then tlie move 
ment of the granules becomes that of Brownian motion (phase 2) and 
finally the death of cells takes place (phase 3) accompanied by deep 
brownmg of cell At this time (phases 4 and 5), deposition of polyphenols 
and excretion of other compounds may take place which brings about 
the death of the invaded hyphae 



Fit! 27 Dngrammatio illustration of degenention process m the cells of highly 
resistant potato variety infected by Fliylophihora mfestem (BM) Brownian motion 
(H) mfeeting hypha (N) nucleus (PS) protoplasmic strand (Z) zoospore 

Phase 1 The infection hyphae begin to invade the host cell No changes are 
observed except the migration of nuclei toward the infected part an e ^ u 
of active protoplasmic strands or protoplasmic streaming around the intectea cente 

PhaL 2 A number of small granules rod shaped or spherical m 
n otion appear around the hyphae nnd gradually increase m num er e 

cells has not yet taken place m this phase (B C) .1,1 .u* email 

Phase 3 The host cell dies and Ihc cell content turns yellowish while the small 
granules continue the Brownian motion (D) , 

Phase 4 Tlic small granules stop Uicir motion and the cell content turns P 

PhJse 5 Tlic color of the cell content becomes deep brown and finally turns 
hhckish (F) (After Tomiyama 1956) 
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I. I.NTRODUCTIO.N’ 

We cannot yet provide a wholly satisfactory account of the chemical 
basis of defense by higher plants against potential or invading patliogcns. 
We do know, liowever, that a chemical basis for these phenomena e.xists. 
Tliere is mounting evidence that the hcalUi of many plants is preserved 
not by virtue of mechanical barrfers nor escape from infection but tJirough 
cm active metabolic initiative which destroys or immobilizes the pathogen 
at some stage before it can produce serious discasc^Tlicre is even unass,ul* 
able evidence tliat for many plants defense is not prepared m advance 
but depends upon mctaliolic events brought into play and substances 
405 
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produced upon the approach of the pathogen to its prospective host 
This chapter will be a guide to the nature and eMcnt of evidence for the 
existence of biochemical mechanisms of defense ratlier tlian a compen- 
dium of established biochemical facts It will attempt to evaluate the 
mam hypotheses and the adequacy of present evidence concerning tlie 
ongm and nature of these mechanisms It will be less an account of sub- 
stances and more an account of where to look for the substances or other 
agents of defense Further information and ideas concerning the basis of 
plant defense are contained m several rc'cent works (Gaumanii et al , 
1950, Kern, 1956 a, b, Brown, 1955, Garrett, 1956, Walker and Stahmann, 
1955) 

Tlie interaction of host and pathogen is one example of the per- 
vasive struggle for existence which underlies much of the behavior of 
organisms and largely determines then: present genetic potenbalities 
The processes involved m this mteraction comprise a phase of ecology, 
diSermg from most ecological situations only in the intimate physical 
associations which are involved in the interplay of host and patliogen 
As an aspect of the interactions among organisms, defense can only be 
conceived in terms of both participants m tlie drama, m terms of a host 
and a potential pathogen Each phase of the struggle must be expressed 
m terms of an interaction and not m any absolute terms Thus tlie out- 
come of an approach between two organisms may be expressed m terms 
of the susceptibility of one organism to the advance and harmful action of 
the other, or in terms of the virulence of one organism in its attack on 
another, but neither susceptibihty nor virulence may be expressed as an 
attribute of one organism independently of others 

The reaction of a host to a particular patliogen is a property, of the 
host capable of varying between two extremes, immunity at one extreme 
and complete susceptibility at the other Between these two extremes is 
an indeterminate number of stages of increasing susceptibility as one pro- 
gresses away from immunity, and of increasing resistance as one moves 
m the opposite direction along the scale, away from complete suscepti- 
bility If successive segments of such a scale are cut off and given num- 
bers from 0 (immune) to 4 or 5, a numerical designation of the degree of 
susceptibility is obtained Such a scale has been widely used by plant 
patliologists for scoring reaction types The terms ‘resistant” and “s us 
ceptible and tlie scale showing degrees of susceptibility are designations 
of one organism’s reaction to another 

Tile same mdividual plant will show the whole range of properties 
rom immunity to susceptibility if its reaction to several different patho 
gens IS considered successively Efforts to arrange plants m categories of 
greater or lesser resistance have been unsuccessful for this reason, just as 
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any effort to arrange proteins in the order of tlieir catalytic activit> would 
be impossible if substrate were not considered in the assessment of activ 
ity Although the potentiality for a reaction may exist independently of 
the pathogen, the actual chemical combinations and the chemical agents 
which give rise to visible results should not, a prion, be regarded as 
existing independently of a pathogen Tlie possibility must also be consid 
ered that the actual weapons of defense are a consequence of the mter 
action between host and pathogen The very termmology which has been 
adopted m discussing plant disease is evidence that the consequences 
ot the association of two organisms, and not preexisting substances in tlic 
host, are believed to be the determinants of parasitic attack Thus the 
terms ‘defense,’ resistance,’ and reaction all carry an implication of 
activity on the part of the host 

Considerations similar to those just presented for the host reaction 
must also apply to tlie pathogen, with appropriate care in distmguishmg 
between the action of the padiogen m prohferatmg through the host, and 
its action in produemg disease 

^ Nearly a century ago, Robert Koch adopted and made famous a few 
jbasic rules which served as a guide to tlie experimental measures needed 
to show that a specific organism was the causal agent of a disease These 
' niles ^or as t liev have freq u entl y_been called, postula te s, requ ired that 
(1) a particular organism be found always in association with this dis 
case, (2) this orgams m be is olated and obtamed m pure culture outside 
the host, (3) on mtroducmg this pure culture_back into a healtJiy suscep 
tible host tlie disease be produced, and (4) witli the diseise so produced 
the organism should be co nst antly associated Koch’s rules can also be 
profitably applied to the problem of establishing tlie causal role of a 
chemical agent m produemg tlie symptoms of disease (cf Chester, 1933) 
They are m effect a statement of scientific procedure, and with appro 
priate adaptations they can be applied in general to the experimental 
proof of tlie causal nature of an agent, biological or chemical, suspected 
of producing an observable phenomenon or reaction To adapt tliese rules 
to tlie problem of establishing tint a certain chemicaf subslince is 
responsible for protection against a disease it should be established tliat 
(1) tlic substance is associated with tlio protection against tins disease, 

It the site where protection occurs, (2) the substance cm be isolated 
from hosts engaged in protection against Uic disease, (3) introduction of 
the substance to the appropnatc loci of a Iiealth> susceptible Iiost confers 
protection, and (1) the nature of the protcctixc action so induced rcscni* 
blcs that of the natural agents of i resistant plant 

Tlic ipphcation of these rules m the experimental ittack on problems 
of plant protection ina\ first require a broid definition of the ii^eiits of 
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protection Thus it may be more appropriate, altliough experimentally 
moie troublesome, to legard the agent of protection as a metabolic pro- 
cess, which would then require that cxiJenincnts be done with scpar.itt-d 
enzyme sj steins The protluclnc application of these lules will bo easier 
with some pathogenic associations than with othcis, but in all instances 
their successful application will require pievious knowledge of the locus 
of defense reactions and the nature of tlic action agamst the pathogen 
whether inhibition of spore germination, of stomatal penetration, of 
vegetative growth, or other actions It will also require a hypothesis as to 
the nature of the chemical agent whicli miglit play a crucial role in 
defense If this chapter can provide a picture of the clues now available 
to the origin and possible nature of these agents, it will have presented a 
fail view of the present status of this subject 

II The Chemical Batterv 
A Prc/oriHctI Antibiotics 

1 The Occurrence m Sod and Water of Toxic Substances Released from 

Higher Plants 

During tile growth and accompanying activities of a higher plant 
there is a continuous exchange of materials witli the surrounding en- 
vironment, with a consequent modification of that environment To other 
organisms nearby this fact may have profound significance, as in the 
supply of O 2 which is returned by the green plant m exchange for the 
CO 2 of respiration or in the ammo acids winch may be excreted from 
legummous nodules and become available for other organisms in the 
rhizosphere of the legume (Virtanen and Lame, 1935). It is known that 
many other substances may be returned through tlie root to the soil 
water, such as nucleotides, flavones, hexose sugars, and inorganic 10 ns 
(Lundegardli and Stenhd, 1944) Tlirough the leaves botli organic and 
morganic substances are excreted, to be washed off onto the soil in 
periods of ram or heavy dews (Arens, 1929, Lausberg, 1935) These 
substances which become a part of the chemical environment act as 
stimulants or deterrents to the further development of the plant itself 
and contribute to the rise and fall of populations or individuals of other 
species (Lucas, 1949) 

2 The Role of Diffusible Substances m Preventing or Retarding Infection 
There are a few well-documented mstances of the participation of 
such substances m limiting the development or occurrence of higher 
plants Transcinnamic acid from guayule plants, and 3-acetyl 6-methoxy- 
beiizaldthyde from the desert shrub Encelia farmosa are particularly 
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well-estabbshed agents of inhibitory action against higher plants (Bon- 
ner, 1950) 

The suppression of pathogenic microorganisms by plant excretions 
also plays a role m protecting higher plants agamst competition from 
other organisms As m the inhibition of growth of higher plants, sub- 
stances excreted from root or shoot may have a more or less selective 
mhibitory action agamst microorganisms Where such excretions occur, 
they may play an important role m the struggle for existence through 
their therapeutic action on the local environment In general, protection 
which is conferred solely by such means is evident as a decrease in the 
number of loci of mfection If the chemical barrier is passed and an 
occasional locus of mfection established, the local lesion or tlie colony 
which develops is just as large as on unprotected organs This mechanism 
of protection should not, therefore, be expected when resistance is evi- 
denced by a reduced development of the patliogen or its lesions occurrmg 
with similar frequency on resistant and on susceptible host varieties 

To establish experimentally that a plant which remams free of a 
potential pathogen owes its health to the production and release of a 
diffusible substance requires that these facts be established (1) tliat 
diffusates, obtamed from plants which are protected against tlie pathogen, 
are inliibitory to the phase of vegetative development of the pathogen 
which normally establishes the mfection, (2) that tlie mhibitory agent 
from diffusates can be isolated under conditions precluding major pro- 
duction or loss during isolation, (3) that admmistration of tlie substance 
to the region which is the normal route of attach confers protection on 
an otlierwise unprotected plant, and (4) Uiat tlie action under these 
circumstances resembles tlie normal acts of protection These facts are 
more amenable to experimental treatment for tins type of resistance than 
for otliers 

The studies of Walker and co workers on the onion smudge provide 
the most thorouglily documented accounts of die way m whicli chemical 
control by diffusible substances can operate (Walker and Staliinann. 
1955) Vancties of onion wiUi pigmented outer scales are usually resistant 
to smudge, caused by CoJletoirichum ctrcinaiis, while varieties with 
colorless scales are susceptible (Walker, 1923) Rcmosal of the dr> 
scales, however, abolishes resistance, and dicsc varieties then become 
susceptible Odier variations in resistance are correlated with tl»e pres- 
ence of the Hit ict colored dc.id scales If spores of the pathogen are sown 
in infection drops on the colored scales, their genmnatioii is prevented 
by substances which have diffused out of the colored dead scile cells, 
but spores arc not iirevenled from gcrmimting on the scdcs of sus- 
ceptible varieties It is clear that the resistance depends upon a diffusible 
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toxic substance which if piesent wards off tlie fungus by inhibiting 
germination of tlie spores, by which infection is normally effected 
Tlie inhibition of spore germination by extracts is accompanied by a 
second more definitive action, llic bursting of spores or young hypliae 
with release of the protoplasmic contents (Walker, 1923) Tins property 
enabled Walker and his co workers to follow tlie active substance by 
germination assays with an additional criterion to prevent the search 
from going astray This might be liard to avoid if inhibition of germina- 
tion were tlie sole criterion for tlie presence of the active substance 
Tlie activity was obtained in water extracts of die colored scales but 
not of uncolored scales After extraction, tlie colored scales were no 
longer toxic to spores germmatmg on them These extracts were con- 
centrated and from them crystals of a highly active component were 
obtamed (Angell et al, 1930) and identified as protocatechuic acid 
(Walker et al, 1929, Link et al, 1929a, b) Tins component did not 
account for all of the activity, but for a considerable part of it Catechol 
was also identified in the extracts, and accounted for some of tlie in- 
hibitory activity Pure protocatechuic acid showed tlie same characteristic 
bursting of cells of the pathogen 

Although the mhibitory action of the dry scales is correlated with 
pigmentation, the pigments themselves (flavones and antliocyanins) are 
not inhibitory nor are living cells which contain the pigments Pig- 
mented scales therefore become toxic only upon death, and the toxicity, 
although correlated with pigmentation is not attributable to the pigments 
directly but to a colorless component released only upon deatli Altliough 
toxic extracts can be obtamed by crushing the scales, the activity obtamed 
m this way bears no relation to the resistance of the fleshy scales to 
disease (Walker et al, 1925) Nor does the toxic material of the dry 
scales provide a barrier to mvasion by pathogens which penetrate by 
other routes such as Fiisanum root rot, tlie causal organism of which 
enters through the root scars Resistance to other diseases caused by 
parasites penetratmg via the scales is correlated with the presence of 
the colored scales only to the extent that the causal organism is sensitive 
to the soluble inhibitors Thus attack by Aspergillus niger, whose ger 
mmation and growth are not inhibited by protocatechuic acid, is inde- 
pendent of scale color and the associated differences in phenol content, 
whereas resistance to Diplodut natalensts, penetratmg via the dry scales, 
shows the same relation to color as does resistance to smudge (Ramsey 
et al, 1946) 

These experiments leave little doubt of the causal role of phenols, 
particularly protocatechuic acid m resistance to onion smudge 
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The study of tlie role of root exudates m relation to parasitism his 
been facilitated by hvo techniques whose use has led to some of the 
most instructive data on this subject These techniques involve (1) some 
adaptation of the method of soil perfusion and (2) the use of colloidion 
membranes to serve as artificial roots (Timonm 1941) The former 
allows the collection of the excretions of the root while the plant is 
growing under natural conditions supplied with nutrients and well 
aerated and makes it relatively easy to compare excretions at different 
times The latter provides an excellent technique for testing the activity 
of excretions under conditions approaching those of the natural plant 
root 

From observations on the microbial populations m the rhizosphere of 
resistant and susceptible flax varieties Timonm (1940) concluded that 
excretions of the flax roots might be related to resistance to wilt caused 
by Fusanum oxysporum f Itni He found larger populations of both 
bacteria and fungi m the rhizospheres than in the soil farther out from 
the roots but the difference was greater for susceptible (var Novelty) 
than for resistant plants (var Bison) Flax plants were then grown in 
sterile culture solutions and the solubons with their accumulated excre 
tions were tested for activity in several ways They were placed in 
artificial roots made of collodion membranes in the form of hollou 
cylinders and these membranes were then immersed m moist soil Stimu 
lation of the microflora occurred as with the natural roots more around 
the excrebons from susceptible plants Tests m agar cultures showed 
greater toxicity or less sbmulabon of Fmarium oxysporum and some 
other fungi by preparations from resistant plants On the other hand 
Trichoderma which is itself antagonistic to Fusanum flourished better 
m the diffusates from resistant flax tlian in those from the susceptible 
variety The differential sensitivity of Trichoderma and Fusanum could 
therefore contribute to the net action of the resistant plants in keeping 
out a soil pathogen Unfortunately Timonm did not examine the effect 
of these diffusates in suppressing mocula of the pathogen or in protect 
mg susceptible plants agamst mfection He did however go on to shoiv 
that the diffusates from resistant varieties contained HCN in quantities 
(80 ppm ) which were demonstrated to be sufficient to mhibit growtii 
m culture of Fusanum oxysporum f Imt but not Trichoderma Suscep 
tible varieties released no detectable cyanide Tliese results arc of 
particular mterest because of the fact tliat m another host pathogen 
association snow mold of barley tbe damage to the host is produced h> 
cyanide released by the patliogen (Lebeau and Dickson 1953) The 
potential importance of Trichoderma spp in suppressing the growth of 
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Other soil fungi was demonstrated earlier by Weindhngs isolation of an 
antibiotic (glioto\m) pioduccd particularly at low pit and capable of 
acting imclei soil conditions ( 1931 , 1941 ) 

Buxton (1957) has produced evidence tliat p4irt of llic defense of peM 
seedlmgs against another Fitsaritim, F oxysportim f jmi, the cause of 
pea yellows, also depends upon diffusible materials from the resistant 
varieties He studied tliree varieties of pea showing genetic differences 
in resistance toward three races of the wilt fungus, and found a positive 
correlation between resistance to a given race and toxicity of root dif- 
fusates from healthy plants toward germination of the spores of the same 
race The same diffusates which were strongly inhibitory toward an 
avirulent race were less inhibitoiy to a virulent race The effects did not 
extend to other fungi tested, nor to the vegetative growth of the pathogen 
The amount of inhibitory activity released m perfusion experiments was 
greatest at the time of abundant extrusion of lateral roots Thus tlie 
diffusates of a healthy plant seem to contribute, m a way which is gov- 
erned by genetic composition, to the speci6c action against physiologic 
races, but as Buxton points out, resistance to these pathogens is not 
wholly localized at the root surface 

Although the root may be an exceptionally leahy part of tlie plant, 
throu^ the regions of metabolic transfer and through the holes pierced 
by the emerging lateral roots, other organs also excrete considerable 
quantities of solutes Tlie^e are known to include substances with marked 
effects on the germination and growth of some pathogens which normally 
gam entry through the aerial parts of the plant Miss Lausberg’s measure- 
ments of the water soluble cuticular excretions showed that extraor- 
dinarily large amounts of salts (Ca** and K*) could pass tlirough the 
plant and out onto the leaf surface, particularly when periods of rapid 
transpiration alternated with periods of heavy dew formation or ram 
(1935) The fine structure of the leaf surface, examined by electron 
microscopy of Formvar casts from the intact leaf have shown that in 
young leaves the deposits on the outer surface are continuously added to 
and renewed by extrusion, although this renewal declines with age 
(Mueller et al, 1954, Schieferstem and Loomis, 1956) The leaves of 
many plants, if simply washed with water for brief periods, yield 
aqueous extracts which inhibit the germination of many fungus spores 
(Topps and Wain, 1957, Kovacs, 1955, Kovacs and Szeoke, 1956. Martin 
et al , 1957) 

In a study of the origin of differences m resistance of varieties of 
sugar beet to leaf spot, Kovacs found that low incidence of local lesions 
on die leaves of a resistant host variety was correlated with tlie presence 
of diffusible inhibitors from healthy leaves Fewer spores of Cercospora 
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hcticohi, llie causal funnus, ^erininalc on the resjstnnt leases, and a 
corrcNpondnigly smaller percentage of these spores gtriumate jo dew or 
water washmgs collected from best leases. These water extracts also 
mlubit the growth of the genu lubes and they arc active e\cn after con- 
siderable ililution Since resistance to Circospora leaf spot consists inainl> 
in pernulting fewer spots to develop, it is possible that such external 
nnlil)iotics may provide* a major jwrt of the defense against Ccrcospora, 
whose germ lubes must reach and enter a stoma as a prerequisite to the 
form itiun of an infection spot. 

There are a number of plant thseases whieh are cst.ihlished primarily 
.IS .1 consequence of stomalal entry by the pathogen Protection against 
sucli patliogens can be achicxetl b> .any action or inaction which pre- 
xents slom.ital entry. For example. Isaac and Smith (1957) found that 
detached sunllower cotjledons evlahhsh few’ colonics of Pticcinia litlt- 
onthi when inoculated, although the attached col>!edon becomes heavilv 
infected from a similar inoculation Detachment of the cot>lcdon with a 
Miiall bit of stem at the node, however, is sufRcient to .allou infection 
This nodal tissue seems to play a p.irt m determining wlielher the 
establislmicnt of a rust colony will occur. The conditions which regulate 
stomat.!! entry appear to depend largely on llic activities of the* living 
guard cells, which will elicit appressonum formation and sloinatal pene- 
tration even on isolated strips of opidcnnis if llie guard cells are alive 
For another pathogen. Plasmopora vUtcoh, Arens sliowcd that epidermal 
excretions played an important part m eslabJjsJnng infection and that die 
positive chemotaxis on epidermal strips occurred only wlicn the guard 
cells were alive (1929) Tlic activity coming from tlic guard cells was 
attributed to surface active materials accwmihting in die intcrphdsc 
between slomatal gas .vnU infection drop In view of the growing knowl 
edge of lliesc substances vvhicli regulate spore behavior, it should soon 
be possible to define more precisely some of these indirect inechninsms 
of defense, depending not so much on inhibitions as on the lack of a 
positive action 

Evidence has been presented by Martin ct al (1957) tint inhibitory 
substances obtained from the surface of leaves can confer resistance when 
redeposited on otherwise susceptible leaves Tliey extracted the waxes 
from the leaf surfaces of apple v.-u-ieties (Woccester-Permain and Cox’s 
Orange Pippin) resistant to powdery mildew, Podosphaera leucotricha, 
and tlien deposited films of these waxes on the leaves in an aqueous 
solution together with a wetting agent Comdia were then inocuhted 
onto the leaves and examined for germmation after 48 hours The acidic 
fraction of the ether-soluble wax prevented germination of mildew 
conidia on apple leaves, and protected Vtcia faba leaves against devel- 
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ox:)ment of disease lesions when inoculated with BotnjM fabae Tlic main 
component separated by chromatography was a plicnol similar in 
chromatographic and color reactions to a fungitoxic substance winch has 
appeared m water washings of the leaves of many trees .md m the leaf 
and root excretions of Vicifl fnba (Topps and Wain, 1957). It would be 
mterestmg to know whether similar activity is lacking m the wax from 
susceptible stocks and whether the removal of leaf waxes from resistant 
leaves could be done so as to make those leaves temporarily susceptible 
and then apply resistance as was done with the inherently susceptible 
stock 

The foregomg discussion of excretions or diffusates playing a role in 
the deterrent action of the plant is not exhaustive, but includes some of 
the best documented studies that have been made so far Tlicse examples 
suffice to show that a contribution to defense is made through the toxicity 
of these excretions, and that the toxicity is usually not highly specific The 
action of these substances can be regarded as chemical exclusion, pre 
venting the pathogen from reaching the portals of infection where the 
active struggle comes into existence The action of several of these 
inhibitory materials has been tested on other fungi and tliey have been 
found active against nonpathogens as well as pathogens, suggestmg that 
their action as inhibitors is not associated witli specialized mechanisms 
of virulence but with unspecialized properties of microorganisms Only 
a little evidence is available that indicates any participation of preexist- 
ing diflFusible metabolites m differentiating between genetically resistant 
and susceptible varieties of host plants 

3 Toxic Substances in the Cells of Resistant Plants 

Once a patliogen reaches the tissues of a higher plant it may there 
encounter chemical conditions unfavorable for further development, even 
though the primary steps in infection have been successfully completed 
Tlie broad basis of immunity or resistance to many potential pathogens 
may well depend upon toxic materials which are preformed m the cells 
and tissues of plants The kind of toxic material which could provide a 
basis for the preinfectional differentiation of resistant and susceptible 
plants must be a substance winch occurs in the former, and is lacking 
or present in smaller amounts in the latter 

Substances toxic to microorgamsms can be obtained from all kmds 
of plants Hardly a microorganism exists whose development cannot be 
drastically hindered by suitable concentrations of an extract or of a 
substance derived from any one of numerous flowering plants The 
economic and noneconomic flora and the laboratory shelves abound m 
toxic organic compounds, and even if they are scarce m an intact plant, 
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they arc abundant m tlic breis Uiat can be obtamed by appropriate 
maceration and incubation of plant tissues. The findmg of a substance 
touc to a pathogenic fungus dots not, tliercfore, necessimly signify tliat 
it IS of importance m the resistance mechanisms of the plant from which 
it is derued 

Good evidence th it an intracellular compound plays a part in the 
defense against disc,isc is much harder to obtain tlian evidence for 
diffusible substances It is not sufCcient to cstabhsli tliat a resistant plant 
yields a substance tOMC to tlie pathogen toward winch it shows resistance, 
nor c\cn to show a correlation between resistance and yield of tovic 
material Such evidence is suggestive, but if the substance inlnbits 
virulent and avirulent strauis alike, or if the substance is not found at 
tlie portal of infection, or m tlie concentrations required to inhibit, it can 
hardly provide a convincing explanation for the differentiation between 
resistant and susceptible plants The greater difScuIties of the experi- 
mental approach arc partly responsible for tlie paucity of well docu- 
mented evidence for a role of preformed cellular mlubitors m defense 
The evidence tiiat phenols arc related to rust resistance (Newton cf al, 
1929, Newton and /Vnderson, 1929) has never led to a clear-cut demon- 
stration of die part which these compounds actually play Similarly, the 
discovery of a fungitoxic alkaloid, lomatin, in tomato plants led to the 
suggestion tliat its presence was related to disease resistance (Irvmg 
et al, 1945, Irving, 1947) When concentrations occurring m resistant 
plants were deternuned, Iiowever, and compared with the concentrations 
required for inliibition, there appeared to be msulBcient alkaloid to 
account for resistance (Kcm, 1952) Virtanen and his co-workers have 
published a long senes of papers on the oxazolmones of plants and tlieir 
fungicidal activity (Virtanen et al, 1957), and although the vanety of 
derivatives and the large amounts of these substances present m some 
plants make tlie possibility of their protective function intrigumg, there 
IS as yet little evidence that they are the substances responsible for re- 
sistance to microorganisms producing disease Virtanen s school has also 
characterized a number of other fungistatic compounds found m plants, 
but tlie mlubitory concentrations are high The knowledge of the distn- 
bution and changes durmg development which their work has provided 
for compounds such as chlorogenic, gallic, and benzoic acid and their 
derivatives may be most useful m detennming how much of a role these 
substances play m resistance, but their work has not yet provided con 
vmcmg evidence of such a role 

If the distribution of a toxic compound is shown to be correlated with 
resistance, the probabihty that it plays a role in defense is much greater 
Such a correlation exists between the distribution of chlorogenic acid m 
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potato tubers and resistance to scab {Strcpiomtjccs scalncs) Iliglicr con- 
centrations of cblorogenic acid occur m resistant than in susceptible 
viriLties, the compound is laigcly confined to llie outermost tissues svlu-re 
the sc lb organism norin.dl> jrroliftralcs, and the tissues around tlic 
lenticels, wlicre infection occurs, are higher m clilorogcnic acid tlian 
other paits of the peel (Johnson and Schaal, 1952) The action of chloro- 
genic acid is related by these investigators to its stimulation of cork 
cambium activity and the rapid establishment of a protective layer of 
cork 

The implication in resistance of plicnols and tlieir derivatives, pir- 
ticularly chlorogenic acid, has been repeatedly proposed, and there are 
numeious records of the occurrence of phenols m resistant plants and m 
infected tissues Recently, there has been a tendency to ascribe the 
importance of these compounds not to their occurrence and toxic action 
directly, but to their appearance and conversion into toxic substances in 
response to infection (Valle, 1957) Tins aspect of the part played by 
phenols will be discussed further in connection with dynamic aspects 
of defense 

B Protection Which Depends on the Lack of an Essential Substance 
An unfavorable chemical environment in a potential host may consist 
of a deficiency of an essential substance ratlier tlian a toxic level of an 
inhibitor For a specific pathogen, the substances which it encounters 
must include all essential nutrients and any substances whose formative 
effects are instrumental in successful infection The potential importance 
of nutrient deficiencies within the host m the limitation of parasitic 
development has been elaborated by Lewis (1953) and by Garber 
(1958) and some striking instances have been reported by Garber 
(1954), Garber and Goldman (1956), and Keitt and co workers (Keitt 
and Boone 1956 Boone et al , 1957, Kline et al, 1957) Even when the 
essential nutrients are present, a parasite may fail to develop if tlie 
nutrients are not available, and maceration of the tissues may then create 
a more favorable chemical environment (Garber and Goldman 1956) 
In a series of classic experiments deaimg with tins question, Keitt and 
Ins CO workers have produced mutants of Ventuna maequalis, the apple 
scab fungus, each of which has been demonstrated to have a genetically 
conditioned requirement for a growth factor Several of tliese mutants 
differ from the wild type in the loss of pathogenicity, and when inocu 
lated onto the leaf in the usual manner they fad to establish colonies 
In some of these, pathogenicity can be restored by administering the 
required growth factor to the mfection court This is an elegant demon 
stration of the thesis that pathogenicity depends on an adequate supply 
by the host of all nutrients required by the parasite, and that a sort of 
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passive resistance may be provided by a deficiency of one such nutrient 
It should be pointed out, however, that not all of the nutritional mutants 
would become pathogenic when tJie required nutrient was supplied, so 
that even in tins parasite-host complex otlier factors besides nutrients 
play a determmmg role m disease development 

Anotlier type of protection based on the absence of materials required 
for infection is exemplified by tlie seedluig diseases caused by Pelhcularia 
jilamentosa {Blnzoctonxa filamentosa) Infection requires the formation 
of a hyphal cushion at the surface of the host epidermis, and entry is then 
accomplished by penetration at the site of such a mycelial cushion When 
susceptible seedlmgs (lettuce, radish) are grown aseptically m cellophane 
bags, Pelhcularia forms mycelial cushions on the outside of the cello 
phane, but when resistant seedlmgs (tomato) are grown m the bags, no 
cushions are formed (Kerr, 1956) Sterile excretions from the susceptible 
plants also induce cushion formation m cultures of the corresponding 
patliogenic strams of Pelhcularia growing on cellophane disks, but not m 
cultures of nonpathogenic strams (Kerr and Flentje, 1957) These cush 
ions do not allow penetration of the cellophane, but m the presence of 
suitable exudate do allow penetration of epidermal strips of the congenial 
host, so that there appears to be some other property of the epidermis 
which IS needed for successful estabhshment of the pathogen There is in 
these experiments good mdication that the absence of specific formative 
substances provides a passive protection agamst this fungus Conversely, 
susceptibility may be regarded as a more positive attribute depending 
upon the production of certain formative substances by the host or upon 
the production of substances by the host preventing a defense reaction 
from commg mto play Tlie chemical nature of these substances is not 
yet known 

The hyphal cushions which here play a part m establishing the mfec 
tion are characteristic of the response of Rhizoctoma to many higher 
plants Tliey occur m the cells of orchids infected with symbiotic Wuzoc- 
tonm, and Noel Bernard believed that “tlie key to the problem of 
immunity must be m the factors which determme hyphal cushion form i- 
tion” (1909, p 156) This view is of particular mterest since the hyphal 
cushions to which it refers are m orclnds evidence of successful defense 
whereas in the seedlmg diseases they appear to be a major instrument 
m tlie successful breaching of defenses 

Another example of tlie same type of protection, depending upon llie 
absence of substances required in the coordination of tlie infection 
process, is provided by diseases which are miUated by stomatal entry 
As discussed earlier, the coordination of Uieso events is usually brought 
about by the healthy plant, but its breakdown under any circumstances 
confers resistance 
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Tlie associations most amenable to expcnmcntal analysis arc, tlicrcforc, 
those which show tlie interaction before actual physical contact or wliicli 
con be brought into physical contact ami then subsequently separatcii 
One of the earliest studies of the nature of defense reactions was 
initiated by Noel Beraaid, whose stoihcs of the inycorrhiiac of orchids 
are notewortliy for tlieir careful execution and for their insiglit Caullery 
(1952) refers to tliem as 'magnificent researches” llemard was im- 
pressed by tlie retarded growth of mycorrhizae following tlie initial rapid 
spiead into an embryo and by the protection which one infection pro 
vided against a subsequent infection (1909) Tiiese phenomena lie 
interpreted as "acquired immunity,” and he regarded the failure of 
endophytic mycorrhizae to penetrate beyond the roots into the tubers 
as a further evidence of immunity in tlie latter organ To investigate 
the nature of this immunity, he studied the interaction of mycorrhizal 
fungi witli aseptically excised tuber pieces, planted — at some distance 
apart — on gelatin media ( 1911 ) As an example of his results, he found 
tliat with tissue from Loroglossum htremum and tlie fungus Wuzoctonia 
repens (isolated from Orchts mono), tlie mycelium started to grow in all 
directions but was soon sharply arrested m its advance on the side 
toward the tuber piece Since this fungistatic activity was prevented by 
heating the tuber at 55*^ C for one-half hour, Bernard believed the active 
material to be heat labile Grmdmg the tuber prevented tlie activity from 
appearmg, and no activity was observed unless tlie tuber piece was 
larger than 05 cm® From Bernard’s experiments, which because of his 
early death were not brought to a conclusion, it is not clear whetJier the 
active material arises from the cut tissues in response to something from 
the fungus, or whether it is already present before confrontation with tlie 
fungus m culture Magrou (1924) repeated and continued these experi- 
ments He planted the tuber pieces on gelatin and left them there for 
some time then removed the pieces and inoculated the gelatin with 
Rhizoctonia repens Again, the fungus failed to grow into the area where 
the tuber had been and Magrou concluded, therefore, that the active 
substance was preformed in the tuber Nobecourt (1929), studying Loro 
glossum and the endophyte which he succeeded m isolating from it 
(Rhizoctonia hircim, called by him Orcheomijces htrcint), found little 
activity of the killed tuber pieces alone, but marked activity from tuber 
pieces which were exposed to the fungus, then killed and tested for 
diffusible toxic substances More recently, Gaumann and co-workers 
(1950) have earned out a careful remvestigation of this important ques- 
tion, and have confirmed Nobecourt’s conclusions Working with Orchis 
militans and its endophyte Rhizoctoma repens, they have found that 
some toxicity occurs m the tuber pieces without laboratory exposure to 
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the fungus, and that confrontafaon witli die fungus in culture leads to an 
enlianced production of toxic substances, which could be demonstrated 
m die agar after removal of the "induced” tuber piece Tliese experiments 
leave htde room for doubt diat substances diffusing from the endophyte 
cultures lead to an enhanced production by the tuber of fungistatic 
substances The possibility that the wounding involved in all of these 
experiments is solely responsible for tlie increased toxicity is eliminated, 
but it is still possible that the woundmg contributes to the high levels 
of toxicity It would be interestmg to test tubers from unmfected plants, 
if such could be obtained by feeding with concentrated sugar solutions, 
but the experiments already done constitute one of the most convmcmg 
bodies of evidence now available for the mduction of defense by dif 
fusible substances produced in a higlier plant in response to the oncommg 
microorganism There is as yet no mformation available concerning the 
chemical nature of either the diffusible inducing substance(s) or of the 
toxic material produced, but the experiments show that the latter con- 
tinues to be released from the host tissue for some time after its induction 
Although these experiments concern a symbiotic association, their broader 
significance was clearly recognized in Bernard’s statement that ‘La 
symbiose est a la frontiere de la maladie ’ 

A second series of investigations which have provided important evi 
dence for tlie production of defense substances only after interaction of 
fungus and higher plant has been carried out by K O Mueller and 
his CO workers Mueller did much of tlie pioneer work on tlie genetics 
of resistance of the Irish potato to late blight caused by Phytophthora 
infestans He soon became interested in the physiological basis of the 
genetic differences and looked for the cause of the difference m response 
between resistant and susceptible hosts The course of the reaction, 
although somewhat similar in the two kinds of hosts, differs particularly 
m tlie speed of response (1939) In resistant plants moculated with 
zoospores of Phytophthora, a rapid response occurs and host cells die 
before tlie fungus has a chance to become established, while the slower 
response of susceptible plants allows time for growth and reproduction 
When the hypersensitive fleck is formed m resistant plants, the fungus is 
killed Tlie same tiling happens when zoospores are moculated onto other 
flowering plants which do not become diseased with Phytophthora 
necrotic flecks are produced and tlie fungus is prevented from prolifer- 
ating (1950) This phenomenon is also of widespread occurrence else- 
where among the pathogens of higlier plants From observations on the 
course of microscopic changes, Mueller postul itocl__ tIie formation of 
fungitoMC substances, "Phytoilex men," ^ 1939, Mueller and Borgtr, J9J0), 
by loose analogy wTiimic alexins of nnimal blood which are m 
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volved m combination with antigens Preliminary experiments with potato 
tissue and Phytophthora zoospores indicated that the contact between 
potato and spores of an avirulent strain of blight fungus led to the 
production of substances also toxic to a virulent strain as well as to other 
fungi Tlius, the toxic materials once produced did not seem to be specific 
for any particular microorganism (MucHcr and Behr, 1949) In contrast 
to the pathogen specificity required if preexisting agents of defense 
determine resistance, agents of defense brought into existence only upon 
infection need not show specificity 

An elegant method for studymg tliese substances under aseptic con- 
ditions and without interference from wound substances was devised by 
Mueller (1956) Drops of a suspension of Phytophthora zoospores were 
placed on the aseptically exposed steidc inner epidermis of young bean 
pods, and after mcubating them aseptically, the drops were collected 
and tested for the appearance of soluble substances causing bursting or 
affecting germination or germ tube growth of test spores Control drops 
without spores were handled and testod m the same way These experi* 
ments showed that drops meubated m contact witli bean and fungus gave 
rise to antibiotic substances which were lacking in tlie drops witliout 
fungus spores The possibility that the active substances came from tlie 
spores was not systematically excluded, as it could have been by meu* 
batmg another series of drops with spores on an inert substratum In 
further tests with another fungus, ScleroUnia fructicola, it was found that 
toxic materials did not appear until after about one half day of incuba- 
tion, and that they failed to appear on bean pods previously warmed to 
41* C This latter experiment argues against the active materials coming 
from the fungus itself 

These experiments are particularly interesting because they have 
been carried out without contammation by extraneous organisms and 
without interference from extraneous substances formed when tissues 
are mechanically wounded They represent the best approach yet made 
to the question of the occurrence and nature of substances produced m 
the defense reaction and responsible for arrestmg the progress of a 
pathogen The active materials involved are fungistatic in low and 
fungicidal m high concentrations, they are dialyzable and stable to 
freezmg and boiling, but their chemical properties have not yet been 
investigated If the approach can be applied to combinations of pathogen 
and Its natural host, it should provide a potent tool for studying the 
chemical basis of the hypersensitive reaction and of the protection against 
pathogenic attack which it provides (cf Chapter 13) 

A number of other investigations have produced evidence of the 
formation or enhancement of fungistatic substances in response to 
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invasion. Increases occur m the toxicity of potato upon inoculation witli 
Helminthosporium carbonum (Kuc et al, 1955, 1956) The increased 
toxicity cannot be accounted for on the basis of chlorogenic and caffeic 
acid contents in the infected tissue (Kuc, 1957) Toxicity to Fusarium 
oxysporum appears in extracts of pea seedlings after inoculation with 
F. solam f pm, while neither extracts of healthy seedlings nor culture 
filtrates of the pathogen alone are toxic (Buxton, 1957) Increased mhibi 
tion of spore germination of F bulbtgenum by the juices from rhizomes 
of tubers after mfection with this fungus has also been reported ( Shimo- 
mura et al , 1955). The unmvaded tissues of sweet potato mfected with 
Ceratostomella fimbriata produce ipomeamarone, chlorogenic acid, and 
other phenols, and some of these compounds are highly toxic to the 
fungus in culture (cf Chapter 10) All of these findmgs suggest that the 
production of toxic substances occurs even when resistance is lackmg or 
IS incomplete Most mvestigations have mcluded a report on the changes 
m phenolic compounds, and there is no doubt that phenols may be 
present m higher levels in those tissues which have reacted with the 
pathogen, but this is not mvanably so (eg, polyphenols decrease m the 
lotus rhizome, and may also decrease m potato tuber infected with 
Phytophfhora infestans (Tomiyama et al, 195S) The conclusion has been 
reached with mcreasmg accord that it is not the actual level of phenol 
which IS the most important factor, but the metabolic changes m which 
phenols are mvolved 

2 Injury as the UlUmate Cause of Defense 

Whenever a plant sustains injury locally, a senes of defense reactions 
come mto play which tend to repair the damage (Went, 1940, Bloch 
1952, 1953) The nature of the response is characteristic of the tissue 
affected, and the same response may occur with a variety of different 
wounding agents There is a good deal of evidence that substances re 
leased from injured cells are mvolved m triggermg the defense reactions 
to mechanical mjury These wound substances, or as tliey have been 
called “hormones,” mitiate processes leading to new cell divisions and 
sometunes to the formation of new types of tissue, particularly cork 
In the evolution of a mechanism of defense against pathogenic organisms, 

It IS probable that tlie general potentiahbes for coping with injury have 
been applied to the special job of coping with parasitic injury It is, 
tlierefore, to be expected that the defense against pathogens will have 
some of tile same features as the defense agamst nonspecific injury Tlie 
first of these features which the two processes share is that the agents 
of defense are fashioned only after tlie cause of the injury has icted 
Since some of the procedures employed in studying defense rc ictions 
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uivoKc wounding of tho tissue, special care must ho taken to establisli 
that tho pitliogen, and not a mechanical wound, is the ullniiatc cause of 
production of defense materials Some authors have realized that tlio 
toxic plienols obtained from tissues in the process of re.icting to a foreign 
organism might have arisen from the wound reaction (Spencer ct o! , 
1057) There is also experimental evidence that the natur.il defenses 
agvimst a pathogen may be enhanced by wounding the host (Keywortli 
and Dimond, 1952) 

All of these findings lead to the conclusion that similar phenolic com- 
pounds may be produced by a variety of injurious agents, mechanical or 
biological They arc frequently protlnced by the experimental manipula- 
tions winch are used to study them Perliaps llicy are released from 
conjugated forms present within the cells of most plants, and by virtue 
of their fungistatic action constitute a general protective agent The 
peculiar pioperty of allowing free development of a pathogen would 
then be tlie special attribute of the plant susceptible to tliat pathogen, 
and would require some provision for avoiding the release or accumula- 
tion of toxic materials 

B Induced InitnunUij by Antibody Formation 
In the last years of the 19th century and tlic begmning of the 20th 
century, work m animal immunology gave a powerful impetus to the 
search for the possible occurrence and basis of plant immunity Unfortu- 
nately, the search for the basis of plant immunity was pushed forward 
in advance of evidence for its occurrence, with the result that a great 
body of literature appeared dealing with tlie question of antibody forma- 
tion m plants and predicated upon procedures adopted for work with 
animals Much of this work is unsound, and a great deal of the presumed 
evidence for the occurrence of antigen-antibody reactions is spurious 
arising from nonspecific precipitations and agglutinations of plant ex 
tracts The philosophical and procedural basis of this work was thor- 
oughly analyzed, experiments wctb conducted to test the validity of some 
crucial points, and the results were summarized in an important survey 
by K S Chester in 1933 Tins work placed the problem m a more 
realistic perspective The reaction to his able and exhaustive review of 
the field seems to have been to discourage any further exploration, for 
the subject has not since received any appreciable attention As Chester 
pointed out, however, the possibility of a phenomenon in plants analogous 
to acquired immunity m animals is not ruled out The examples discussed 
ibove constitute specific instances of the occurrence of such a phenom- 
enon based upon diffusible substances The possibility that immunity 
based upon induction of specifically reacting proteins also occurs m 
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plants IS more difficult to establish, but it also cannot be ruled out There 
seems no good reason to believe tliat such immunity, if it exists, will 
appear m the same way or be amenable to the same experimental proce- 
dures tliat It is m animals In fact, it is ratlier more likely tliat procedures 
adapted to tlie many structural and functional differences between higher 
plants and higher animals would have to be developed Tlus can only 
be done satisfactorily by taking as a startmg point plant pathogen asso 
ciations m which it is demonstrated that acquired immunity occurs, and 
by proceedmg witli these to find what the chemical basis of the acquired 
immunity may be Whetlier tlie mvesbgation leads to evidence for an 
antigen antibody reaction of tlie type tliat occurs m warm- and some 
cold blooded animals or not is immaterial Tlie important outcome would 
be the discovery of the actual basis of acquired plant immunity The 
pitfalls tliat beset tlie earlier exploration of this field could be largely 
avoided now, and yet the motivations for exploring its possibilities are if 
anythmg, greater than ever because of recent confirmation of the high 
degree of specificity which lies behmd the violent interaction between 
uncongenial hosts and avirulent patliogens One of tlie most remarkable 
features of this specificity is that it depends not only on specific genes 
of the host, but also on correspondingly specific genes m the pathogen 
(Flor, 1956) In this respect it is analogous to the compatibility reactions 
between pollen tube and stigma tissues (Lewis 1954) 

In the field of protection agamst vims infection the classic work 
of Salaman (1933, 1938) provided well documented evidence for the 
induction of protection to subsequent mfections by earlier inoculations 
of VITUS The mechanism of such induced protection against viruses will 
undoubtedly be explored further 

C Relation of Metabolic Changes to the Processes of Defense 

1 Occurrence of Changes in Main Phases of Metabolism 
Following Infection 

The alterations in kinds and levels of substances which occur in 
response to infection are a consequence of changes in host metabolism 
Marked changes m tlie major metabolic processes take place ra mfected 
plants, and mclude changes in protem metabolism and particularly strik 
ing changes in the respiratory metabohsm (Allen, 1953 and 19i>4, Bubin 
and Arzichowskaja 1953 Rubm et al, 1935, Farkas and Kiraly, 1958, 
Chapter 10 of this volume) These changes have been studied most thor- 
oughly in susceptible plants which exhibit the cliaractenstic symptoms 
of disease and only recently has a concerted attempt been initiated to 
make a comparative study of respiratory changes m resistant and sus- 
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ceptiWc plants after inoculation Evidence to date indicates no difference 
between resistant and susceptible plants m the initial response, but 
generally the rise in the rate of O 2 uptake in resistant plants reverses 
earlier than in susceptible ones (Samborski and Shaw, 1956) Any at- 
tempt to correlate respiratory changes with resistance must, Iiowever, 
involve more than a comparison of over-all rates of metaboUsm, since 
quantitative comparisons of rates of respiration may fail entirely to reveal 
the real differences The idea tliat a shift m the relative rates of different 
aspects of metabolism miglit be triggered by the patliogeii and result m 
the development of an unfavorable chemical environment has been 
elaborated particularly by Scmpio (1950). 

2 Relation of Altered Metabolism to the Emergence of Defense 

a Metabolic Detoufication One of the early proposals concerning 
the role of metabolism suggested that the host protected itself against 
disease by enzymatic detoxification of Uie liarmful metabolites of a 
pathogen This was A N Bach's idea concerning the protective role of 
oxidative enzymes (Rubin and Arzichowskaja, 1053, Farkas and Kirdly, 
1958) Tlie idea was based on tlie fact tliat pronounced mercascs in 
oxidations occur when tissues are injured and on tlie appearance of high 
oxidase activity in the injured zones Some evidence for metabolic detoxi- 
fication has been obtained with animal pathogens (cf Agner, 1950), 
and more recently this phenomenon has been implicated m the protection 
against the toxin of Helminthosponum victoriae Resistant oats infiltrated 
with the toxin, victoiin, are not affected, and the toxin cannot be recov- 
ered from resistant tissues (Romanko, 1958). Since the proposal of 
metabolic detoxification would only account for freedom of the host 
from deleterious effects of the pathogen and not for freedom from 
proliferation of tlie pathogen, it appears, Iiowever, to be inadequate to 
account for most aspects of resistance It may have more bearing on the 
problem of toleration of symbionts than upon the successful defense 
against parasitic invasion 

b Metabolic Formation of Toxins The data presented m the earlier 
sections of this chapter provide strong evidence that the protective action 
of the host may arise from tlie formation of substances toxic to the 
pathogen rather than on the removal of substances deleterious to the 
host The “peaceful co existence,” as it is aptly called by Farkas and 
Kiraly, of the first stages of infection is terminated by an arrest in the 
development of the pathogen It seems, therefore, essential that an 
explanation of resistance be sought m an antagonistic action against the 
pathogen itself, not simply against its metabolites This mode of action 
was suggested by Cook et al (1911), who proposed that the toxic sub- 
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stances were oxidation products of such compounds as tannic acid If 
expanded to mclude host metabohsm m general, the suggestion provides 
a good workmg hypothesis on which several Imes of investigation have 
been based The idea envisages some triggermg acbon of the pathogen 
upon the host, presumed to be chemical and leadmg to the formation of 
an agent which alters the course of metabolism The altered course of 
metabohsm is the immediate source of fungistatic or other antagonistic 
action This alteration may even be triggered by an avirulent pathogen 
and the resultmg host reaction then provides protection agamst a virulent 
stram (Mueller, 1953). 

The importance of the host tissue m bringmg the toxic substances mto 
existence is mdicated by a quantitative relation between the amount of 
host tissue involved m tlie reaction and the achievement of defense In 
the case of orchid tuber pieces discussed earher, a minimal amount of 
bssue IS required to develop the fungistatic substances If the piece is 
smaller, it is overgrown by the mycorrhizal fungus which a larger piece 
would stop (Bernard, 1911, Gaumann et al, 1950) Mueller’s observa- 
tions on the potato blight organism discussed earlier indicated that a 
difference m rate of reaction determined degree of resistance, with a 
rapid reaction leading to quick arrest of the pathogen and high resistance 
(avirulent strams) More direct evidence for the importance of the 
amount of substance produced per unit time comes from the work of 
Tomiyama et fll (1958) The action of a certam amount of inoculum in 
givmg rise to resistance was found to be a function of the thickness of 
potato slice, increasmg resistance occurring with mcreasing thickness up 
to about 2 mm under the conditions of their experiments They calcu- 
lated that It took about ten host cell layers to achieve full resistance in 
tuber slices of a genetically resistant variety Smce the locus of resistant 
action was at the surface in all cases, the differences appear to depend 
on products contributed by underlying cells No relation was found 
between increase m polyphenol and resistance, but more rapid removal 
of polyphenol and greater accumulation of brown products of oxidation 
were observed m the tissues displaymg higher resistance 

Tomiyama’s studies show, m agreement with many others, that the 
mass effect of increased moculum is m tlie opposite direction, acting to 
overcome resistance Tlius witli larger inocula thin slices become quite 
susceptible, whereas with smaller inocula they retain some of their 
resistance TIus effect is not to be confused with tlie effect of heavy 
inoculum actmg direcUy on the pathogen to prevent its development 
(YaiAvood, 1956) 

c Other Sources of the Unfavorable Action of Altered Metabolism 
In the absence of definitive evidence concerning the biochemical relation 
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l)ct\vecn allercd metabolism and resistance, tlic possibility must be left 
open that neither of the above chemical models (paragraphs a and b) 
will prove completely satisfactory and that some other formulation of the 
relationship will prove necessary. It may be preferable, therefore, to 
regard the metabolic changes as tlic source of defense without a com- 
mitment as to how this end result is achieved. This permits a continued 
analysis of the aspects of mclabohsin which arc involved in defense and 
of tile causal lelationship between metabolism and defense, with the 
question of the mechanics of the relationship to be determined by later 
experimental findings. 

3. The Nature of the Metabolic Changes Leading to Production 
of the Defense Conditions 

One of the most persistent views concerning the metabolic origin of 
defense is the view that it arises from an alteration in oxidase activity. 
Tlie experiments of Cook showing that gallic acid became toxic when 
mixed with plant juices containing oxidizing enzymes were among the 
earliest which urged this view. This was later fortified, and attention 
directed to the importance of polypUcnoIoxidase in particular, by the 
studies of Szent-Gyorgyi and Victorisz (1931), who showed that phenol- 
oxidase activity gicatly increased upon injury to tissues. The toxicity of 
the quinones formed was suggested by them as a basis for the protective 
action of this enzyme In the presence of suitable reducing systems (such 
as ascorbate or the cellular dehydrogenases) these quinones would not 
accumulate The focus of attention on quinones seemed to be justified 
because this class of compounds is known to include many toxic sub- 
stances (McNew and Burchfield, 1951). Schaal and Johnson (1955) 
demonstrated a correlation between the autoxidafion occurring at higher 
pH values and the toxicity of a group of phenols Tliose phenols which 
were autoxidizable, as indicated by the appearance of color, were toxic, 
but only at pH values where autoxidation occurred Tliere is, therefoie, 
experimental evidence that oxidation of phenolic compounds can produce 
substances of greater toxicity than the original phenol. 

The defense reactions of the plant, both to wounding and to pathogens 
producing a hypersensitive reaefaon, may lead to the formation of colored 
products, and the formation of such products is associated with the 
activation of polyphenoloxidase An increase in polyphenoloxidase activ- 
ity is a common aspect of pathogemc infection An increase in the rela- 
tive activity of polyphenoloxidase (Rubin et al , 1955) or m the absolute 
activity (Menon and Schachinger, 1957), has been reported to be greater 
in resistant than m susceptible plants These circumstances have pro- 
vided a body of evidence supporting the idea that an augmented activity 
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of polyphenoIoMclase occurring during infection is causally related to 
the production of to\ic substances and tliat tiiese protect against the 
pathogen which initiates their fomntion These substances are presumed 
to accumulate when the incre.ised rate of osidation by O; is not asso- 
ciated with a siiiiilar increase in the activity of dehydrogenase systems 
effeebng the reduction of quinoncs to phenols 

There are, however, some .apparently contradictory facts and some 
weahnesses m this concept which must be considered seriously One is the 
fact that phenol oxidases are generally inactive m intact tissue and the 
.linount of iictivity m extriicts is, therefore, not an indication of the activity 
in the tissue There is not convincing evidence that this kind of oxidase 
IS involved in actixating oxygen ui respimtion (Bonner, 1957) A second 


objechon is tlie failure of phenoloxid.asc action in many instances to pro 
duce toxic subst-inces In tests of a large senes of phenols, Kich .and 
Horsfall (1954) found that phenoloxidase action upon these compounds 
resulted in decreased toxicity ratlier than increased toxicity which is to be 
expected from the proposed role of phenoloxidases m resistance The 
failure to develop toxicity could be due to a rapid conversion of quinones 
to polymerization products ( colored products formed after oxidation of 
tlie phenol to a quinono) Tliese polymerization products have, by some 
mvestigators, been regarded as including the toxic materials There is, 
however, no good reason to suppose tliat it is die final brown and red 
products of polymerization winch are toxic, since these could just as well 
be the products of secondary reactions associated with a different defen 
sive reaction Colored products are not always formed when resistance is 
exhibited (Huai, 1950), and even m tile case of Mueller s phytoaleg ms 
the toxic solutions have little color and are themselves causes of the fleck 
reaction m the host as well as of die fungistatic action toward the patho 
gen, although the two activities are not known to reside m the same 
compound It is not possible at present to attribute the protective action 
of the reacting host to any particular products of phenoloxidase acbon, 
even though some of these products may be toxic Some of the studies 
with respuatory poisons also throw further doubt on the uniqueness of 


the role of phenoloxidase ^ t i 

Important evidence concemmg the nature o the metabolic processes 
involved m resistance has been obtamed recently by studies wi* respu 
atory poisons It has been found that a resistant phnt may be made 

suscepbble by certam mhibitors Gassner and Hassebrauk found 

increased susceptibility to rust m wheat heated vvith chloroform (1938) 
Resistance to some potato padiogens is bmken down by narcotics, md 
this action IS associated with inhibihonof the ability to form wound cork 
(Behr 1949) Furdier studies of this phenomenon have shmvn that the 
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tlcfenso of jpotato varieties against blight can be modified by infiltration 
with a mmiber of diiferent metabolic inhibitors or substrates (Fuclis and 
Kotte, 1954; Cliristianseii-Wcnigcr (geb. Kottc), 1955). Inhibitors of 
metal oxidases generally reduce the resistance, as do several organic acids 
and, remarkably, also catechol and tyrosine. Although most of the sub- 
stances which inhibit polypbenoloxidasc also prevent resistance, the 
action against this enzyme docs not seem to be essential in the breakdown 
of resistance. In another host-palbogen association, Fusnrimn wilt of 
tomato, for which similar information is available, resistance is broken 
down by thiourea, diethyldithiocarbamale, sodium fluoride, ctlianol, and 
2, 4-dinitrophenoi (Gothoskar et al, 1955). Streptomycin, 2, 4-D, maleic 
hydrazide, and otlicr physiologically active compounds arc known to 
interfere with resistance and allow tlic development of a pathogen even 
at concentrations which inhibit the pathogen in culture. The number of 
such observations is now sufficiently numerous to leave no doubt tliat tlie 
development of the resistant reaction is dependent on metabolic events 
which can be so altered as to abolish completely die normal protective 
response of the host plant, but they have not yet provided clear evidence 
of the metabolic process on which tliis response depends. Furtlier investi- 
gations along tliesc lines should prove fruitful in elucidating the meta- 
bolic basis of resistance. 

Another phase of tliese studies on metabolism and resistance which 
may deserve attention is the possible role of the direct oxidative patliway 
in creating the defensive opportunities for the infected plant. Evidence 
is rapidly accumulating that the enhanced respiration of infected tissues 
results from the opening of this metabolic pathway in a variety of diseases 
(Farkas and Kiraly, 1955; Daly et al, 1957; Daly and Sayre, 1957; Shaw 
and Samborski, 1957). The dehydrogenases involved in this metabolic 
route are linked to triphosphopyridine nucleotide (TPN) whereas those 
involved in oxidations via pyruvate and the Krebs cycle are predomi- 
nantly linked to diphosphopyridine nucleotide (DPN). The latter are 
known to couple with molecular oxygen by way of the cytochrome oxi- 
dase system, but whether the TPNH* generated in the course of the direct 
oxidative pathway is oxidized by molecular oxygen with the help of 
cytochrome oxidase, or ascorbic oxidase, or some other oxidase is not yet 
clear, but there are indications that it may go by way of a copper oxidase 
(Kirdly and Farkas, 1957). In monocotyledons the copper oxidase found 
is generally ascorbic acid oxidase, whereas either ascorbic acid oxidase 
or phenoloxidase may occur in dicotyledons. '•> 

There are several reports which present evidence that implicates the 
growth hormones in the process of induced development of resistance. 

® Reduced triphosphopyridine 
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The decreased resistance to rust caused by irradiation of the shoot apex 
(Schwinghamer, 1957), indications of altered resistance to wilt in toma- 
toes caused by ionizing radiation (Waggoner and Dimond, 1956) and by 
2, 4-dichlorophenoxy acetic acid, naphthaleneacetic acid, and several 
other growth regulators (Davis and Dimond, 1953), and increased re 
sistance to rust caused by administration of indoleacetic acid (Samborski 
and Shaw, 1957), all point to the participation of growth hormones m the 
emergence of efFective defense reactions The general trend of these 
results suggests that higher auxin levels are associated with defense, but 
this is not easily reconcilable with the fact that decreased mdoleacetic 
oxidase and hence increased auxm levels are found m susceptible plants 
(Shaw and Hawkins, 1958, Pilet, 1957) 


IV Conclusion 

The data now available concerning the plants defense against patho- 
genic attack point to one mam conclusion regardmg the nature of defen- 
sive action it is not a condition of the plant which constitutes resistance, 
but a process of response The potentialities for response are mherent, but 
the successful employment of these potentials depends first of all on the 
specific nature of the triggermg agent, but more importantly on a series of 
metabolic events which are set m motion by the pathogen Whether these 
events lead to successful defense or to some other result depends on the 
context and may be experimentally altered so as to reverse the outcome 
completely It is probable that some of the chemical events are of great 
importance in the creation of an unfavorable chemical environment and 
that certain kinds of chemical agents, transient or otherwise, are recurring 
products of the metabolic events set in motion by the pathogen or by 
other agents and are mstrumental m arrestmg the development of a 
potential pathogen Neither the toxic substances nor the metabolic pro 
cesses which lead to their formaUon are the specific agents correspondmg 
to the specific pathogen and host genes involved m determmmg the inter- 
acuon ^is spLficity must be sought in the initial tnggenng interaction 
The problL of compatibihty beUveen a pathogen and its host is one 
phase of a very broad biological problem Phenomena of compatibility 
and mcompaubihty come into play m many bmlogical 
1954) In die fusion of gametes, m the growth of die pollen tube in the 
style m the fusion of protoplasm of sUme molds and of cells of fungus 
hyphae. both m anastomosis and m sexual f f 

ance or rejection, and in the important realm of reactions in aniin 
foreign substances, as well as n, many oAer aspects of 
hvmg and acting together of cells, compatibility phenomena occur and 
haveVren shLn to have a genetrc basis It is, therefore, drstmctly pos- 
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sible that ideas about tbo basis of compatibibty in patbogcmc associations 
may bo obtained from tbese other areas of biological investigation. Like- 
wise, some of the adv.inccs in our iiiiderst.inding of incompatibility 
reactions (defense) in plants iii.iy coiitiibute to a more integrated undtr- 
staiiding of the universal basis wliieli the common genetic foundation 
suggests tli.it v.irious comp.itibilify plienoincna in.iy have 

Rri LllLSCES 

Alien, P J 1953 Toxins and rcspintion Phjtopalhologij 43: 221-229 
Allen, P J 1954 Physiological aspects of fungus diseases of plants Ann Rev rlinil 
Phijsiol 5: 225-248 

Agncr, K 1950 Studies on the pcroxidative detoxification of purified diphtheria 
toxin J Exptl Med 92; 337—347 

Angell, H R , J C Walher, and K P LinV, 1930 The icUuon of protocalccUmt 
acid to disease resistance in the onion Phytopalhologtj 20: 131—438 
Arens K 1929 Physiologische Unlcrsuclumgcn an Plasmopara vtlicoja, untcr be- 
sonderer DerucUichtigung dcr Infcktionsbedingungen Jahrb iviss Uolun 705 
93-157 

Barrett R E and J H McLaughlin 1951 Disease resist nice factors in 'vhcit 
/ Agr Food Cliem 2. 1026 

Behr, L 1949 Uber den Einfluss von nckrolisch wirkcndcn StoiTcn auf die Wuiul 
peridermbildung imd Resistenz dcr Kartoffclknollo gegenuber Phytophthora 
infestans de By und Vertrttem dcr Gattung rusortum Lk Phytopathol Z 15. 
407-146 

Bernard N 1909 L’evolution dans la symbiose Ann sci naf Baton [9] 0: 1-196 
Bernard, N 1911 Sur la fonction fungicide dcs bulbes d Ophrydtes Ann sci not 
Botan 191 14' 221-234 

Diffen R H 1907 Studies m the inheritance of disease resistance I / Agr Sci 2. 
109-128 

Biffen R H 1912 Studies m the inheritance of disease resistance II J Agr Sci 
4 421^29 

Bloch R 1952 Wound healing in higher plants Botan Rev 18 655-679 
Bloch R 1953 Defense reactions of plants to the presence of toxins Phytopjdiolog'j 
43 351-354 

Bonner, J 1950 Tlie role of toxic substances m the interactions of higher plmts 
Bofan Rev 16 51-65 

Bonner W D Jr 1957 Soluble oxidases and their functions Ann Rev Plant 
Physiol 8 427-452 

Boone, D M , D M Kline and G W Keitt, 1957 Venturic trtaequahs (Ckc ) Wint 
XII Pathogenicity of induced biochemical mutants Am J Botany 44. 791-796 
Brown W 1955 On the physiology of parasitism in plants Ann Awl Biol 43 
325-341 

Buxton E W 1957 Some effects of pea root exudates on physiologic races of 
Fusanum oxysporum Fi f pisi (Linf) Snyder and Hansen Brit Mycol Soc 
Trans 40 145-154 

Caullery, M 1952 ‘Parasitism and Symbiosis Sidgwick and Jackson London 
340 pp 

Ches^r, K S 1933 The problem of acquired physiological immunity in plants 
Quart Rev Biol 8. 129-154, 275-324 



PHYSIOLOGY AND BIOCHEMISTRY OF DEFENSE 


463 


Chnstiansen-Wcniger (geb Kotte), Eva 1955 Versuche zur stoffwecjjselphysjolo- 
gischen Beeinflussung der Reaction der KartofFelknolle auf Phytophthora tnfes- 
tatis de By Phytopathol Z 25: 153-180 

Cook, M T , H F Bassett, F Thompson, ind J J Taubenhaus 1911 Protective 
enzymes Science 33: 624-629 

Daly, J M , and R M Sayre 1957 Relations between growth and respiratory 
metabolism in safflower infected by Puccima carthamt Phytopathology 47: 
163-168 

Daly, J M , R M Sayre, and J H Pazur 1957 The hexose monophosphate shunt 
as the major respiratory pathway during sporulation of rust of safflower Plant 
Physiol 32: 44-^8 

Davis, D , and A E Dimond 1953 Inducing disease resistance with plant growth- 
regulators Phytopathology 43 137-140 

Parkas, G L , and Z Kiraly 1955 Studies on the respiration of wheat mfected with 
stem rust and powdery mildew Physiol Plantarum 8. 877-887 

Firkas, G L , and Z Kiraly 1958 Enzymologioal aspects of plant diseases I Ovida 
tiv© enzymes Phytopathol Z 31; 251-272 

Flor, H H 1936 The complementary genic systems m flax and flax rust Advances 
m Genet 8: 29-54 

Freeman, E M 1911 Resistance and immunity in plant diseases Phytopathology 1 
109-115 

Fuchs, \V H and E Kotte 1954 Zur Kenntms der Resistenz von Solanum tuber 
osum gegen Phytophthora tnfestans de By 'Naturwmensclviiten 41* 169-170 

Garber, E D 1954 ’Ihe role of nutrition in the host parasite relationship Proc 
Natl Acad Set U S 40* 1112-1116 

Garber, E D 1956 A nutntion inhibition hypothesis of pathogenicity Am Natural 
tst aO: 183^194 

Garber, E D , and M Goldman 1956 The response of grape tissue cultures to 
inoculation with biochemical mutants of Erwtnta arovdeae Botan Gaz 118. 
128-130 

Garrett, S D 1956 “Biology of Root Infecting Fungi ’ Cambridge Univ Press, 
London and New York 293 pp 

Gassner, G , and K Hassebrauk 1938 Untersuchungen uber den Einfluss von 
Aether und Chloroformnarkose auf das Rostverhaltcn junger Getreidepflanzen 
Phytopathol Z 11: 47-97 

Gaumann, E , R Braun, and G Bozzigher 1950 Ober mduzierte Abwehrreaktionen 
bei Orchideen Phytopathol Z 17; 36-62 

Gothoskar, S S , R P Scheffer, M A Slahmann, and J C Walker 1955 Further 
studies On the nature of Fusanum resistance in tomato Phytopathology 45. 
303-307 

Ilirai, T 1956 Studies on the nature of disease resistance on plants Shokubtilsii 
Byogai Kenhju 5; 139-157 

Irving, G W , Jr 1947 The significance of lomalm m plant and animal diseases 
/ Wash Acad Set 37: 293-296 

Irving, G W, Jr, T D Fontaine, and S P DoobtUe 1915 L>copcrsicin, a fungi- 
static agent from the tomato plant Science 102; 9-11 

Irwin, M R 1953 Genes and antigens In “Information Tlieoiy in Biology” {H 
Quastler, ed ), Section 2b Univ of Illmois Press, Urbana, Illinois pp 147-169 

Isaac, P , and J Smith 1958 Personal communication 

Jolinson, G and L A Schail 1952 Relation of chlorogcmc acid to scab rtssstann- 
lii potatoes Science 115. 027—629 



462 


PAUL J ALLEN 


sible that ideas about the basis of compatibility m pathogenic associations 
may be obtained from these other areas of biological investigation Like 
wise some of the advances m our understanding of incompatibility 
reactions (defense) m plants may contiibute to a more integrated under 
standing of tlio universal basis winch the common genetic foundation 
suggests that various compatibdity phenomena may have 


References 


Allen P J 1953 Toxins 'ind tissue respiration Phjtopathohgy 43 221-229 

Allen P ] 1954 Physiological aspects of fungus diseases of plants Ann Rev Plant 
Physiol 5 225 248 

Agner k 1950 Studies on the peroxidative detoxification of purified diphtheria 
toxin J Expil Med 92 337-347 

Angell H R J C Walker and K P Link 1930 The relation of protocatechujc 
acid to disease resistance m the onion Phytopathology 20 431-438 

Arens K 1929 Physiologische Untersuchungen an Plosmopara viticoUi unter be 
sondercr Berucksichtigung der Infeklionsbedmgungen Jahrb u>iss Botan 70 
93 157 

Barrett R E and J H McLaughlin 1954 Disease resistance factors m wheit 
J Agr Food Chem 2 1026 

Belli L 1949 Ubet den Einfluss von nekrolisch wirkenden Stoflen auf die Wund 
peridermbildung und Rosistenz dcr KartoffelfcnoIJe gegenuber Phytophthora 
injestans de By und Verlrelem der Gattung Fusanum Lk Phytopathol Z IS 
407-i4e 

Bernard N 1909 L evolution dans la syrobiose Ann sci not Botan [9] 9 1-196 

Bernard N 1911 Sur la fonction fungicide des bulbes d Ophrydees Ann sci not 
Botan 191 14 221 234 

Biffen R H 1907 Studies in the inheritance of disease resistance I / Agr Sci 2 
109-128 

Biffen R H 1912 Studies in the inheritance of disease resistance II J Agr Sc« 
4 421-129 

Bbch R 1952 Wound healing in higher plants Botan Rev 18 655 679 

Bloch R 19o3 Defense reactions of plants to the presence of toxins Phyfonjihol gj 
43 351-354 


Bonner J 19o0 Tlie role of toxic substances m the interactions of higher pUnts 
Botan Rev 16 51-65 

Bonner \\ D Jr 1957 Soluble oxidases and their functions Ann Rev Pint 
Physiol 8 427-452 

Boone DM DM Kline and G W Keilt 1957 Venturia maeqtiahs (Ckc ) Wint 
\II Pathogenicity of induced biochemical mutants Am J Botany 44 791-796 
On the ph>sio!ogy of parasitism in plants Ann Appl Biol 43 

B \ton E \\ 1957 Sonic effects of pea root exudates on physiologic races of 

Fusarium oxtjsporum Ft i pisi (Lmf) Snyder and Hansen Brit Mycol Soc 
Trans 40 115-154 

Cuullcry M lJj2 Pirisifisni ind Symbiosis'* Sidgwick and Jackson London 
310 pp 

Cl cs^r K S 1933 The problem of acquired pliysiological immunity in plants 
giiort Bcc [Slot 8 129-154 275-324 



PHYSIOLOGY AND DIOCHEMISTBY OF DEFENSE 


463 


Chnsuansen Wtmgoc (geb Kotle) Eva 19o5 Versuchc zur stoffvveclisdpliysiolo 
gischen Beeinflussung dcr Reaction der KartofFelknolle auf Phijtophthora infes 
tans de By Phytopathol Z 25 153-180 

Cook \I T Hr Bassett F Thompson md J J Taubenliaus 1911 Protective 
enzyiDci. Science 33 624-820 

Dily J M and R \1 Sayre 1957 ReLibons between growtJ) and respiratory 
metabolism m safflower infected by Puccima carthamt Phytopathology 47 
163-168 y P 

Daly J M R \f Sayre and J H Pazur 1957 nie hexose monophosphate shunt 
as the major respiratory patJiway during siwruJation of rust of safflower Plant 
Physiol 32 44-48 

Davis D and A E Dimond 1953 Inducing disease resistance with plant growth 
regulators Phytopathology 43 137-140 

Parkas G L , and Z luraly 1955 Studies on tfie respiration of wheat infected with 
stem rust and powdery mildew Physiol Phintarum 8 877-887 

Farkas G L and Z Kiraly 1958 Enzymological aspects of plant diseases I Oxida 
tive enzymes Phytopathol Z 31 251-272 

Flor H H 1956 The complementary genic systems m flax and flax rust Advances 
tn Genet 8 29-54 

Freeman E hi 1911 Resjstince and rormunity in plant diseases Phytopathology 1 
109-115 

Fuchs W H and E Kotte 1954 Zur Kennlms der Resistenz von Solanum tuber 
osum gegen Phytophthora tnfestans de By Naturxoissenschafien 41 I69-I70 

Garber E D 1954 The role of nutrition in the host parasite relat onsJup Proc 
Natl Acad Set U S 40 1112-1116 

Garber E D 1956 A nutrition inhibition hypothesis of pathogenicity Am Natural 
tst 90 183-194 

Garber E D and M Goldman 1950 The response of grape tissue cultures to 
inoculation with biochemical mutants of Erwtnta aroideoe Botan Ga^ 118 
128-130 

Garrett S D 1956 Biology of Root Infectmg Fungi Cambridge Umv Press 
London and New York 293 pp 

Gassner G and K Hassebrauk 1938 Unlersuchungcn uber den Einfluss von 
Aether imd Chlorofonnnarkose auf das Roslverhalten junger Cetreidepflanzen 
Phytopathol Z 11 47-97 

Giumann E R Braun and G Bazzigher 1950 Ober induzierte Abwehireaktjonen 
bei Orchideen Phytopathol Z 17 36-62 

Gothoskar S S R P Scheffer M A Stahmann and J C Walker 1955 Further 
studies on the nature of Fusanum resistance iii tomato Phytopathology 45 
303-307 

Hirai T 1956 Studies on the nature of disease resistance on plants Shokubtilsu 
Byogat Kenkyu 5 139-157 

Irvmg G W Jr 1947 The significance of tomatm m plant and ammal diseases 
J Wash Acad Sci 37 293-296 

Irvmg G W Jr T D Fontaine and S P Doolittle 1945 L>copersicin a fungi 
static agent from the toimto plant Science M2 9-11 

Invm \I R 1953 Genes and antigens In Information Tlicoiy in Biology (II 
Quastler ed ) Section 2b Univ of lllmois Prtss Urbana Illinois pp 1 17-169 

Isiac P and J Smith 1958 Personal communication 

Johnson G and L A Schaal ISoE Relation of chlorograic acid to scab res incc 
In potatoes Science IIS 627-629 



464 


PAUL J ALLEN 


Keitt G W and D M Boone 1956 Use of induced mutations m the study of 
host parasite relationships Brookhaven Symposta in Bwl 9 209-223 
Kern H 1952 Uber die Beziehungen zwischen Alkaloidgehalt und Krankheits 
resistenz bein verschiedcnen Tomt^ensorlen Vcrhancll schwetz NatuTforsch 
Ges (Basel) p 150 

Kern H 1956a Problems of mcubation m plant disease Ann Rev Microbiol 10 
351-368 

Kern H 1956b Resistenz gegen Infecbon Immunitat In Encyclopedia of Plant 
Physiology (W Ruhhnd ed ) Vol 2 Springer Berlin pp 826-839 
Kerr A 1956 Some mteractions between plant roots and pathogenic soil fungi 
Australian J Biol Set 9 45-52 

Kerr A and N T Flentje 1957 Host infection in Pellicularta filamentosa controlled 
by chemical stimuli Nature 179 204—205 
Keyworth W G and A E Dimond 1952 Root injury as a factor m the assess 
ment of chemotherapeutants Phytopathology 62 311-315 
Knaly, 2 and G L Fatlvas 1957 On the role of ascorbic oxidase in the par 
asitically increased respiration of wheat Arch Biochem Biophtjs 66 474-485 
Kirkham D S 1954 Significance of the ratio between the water soluble aromatic 
and nitrogen constituents of apple and pear m the host parasite relationship of 
Venturia species Nature 17$ 690-691 

Kline DM DM Boone and G W Keitt 1957 Venturia tnaequaUs (Cke) 
Wint XIV Nutritional control of pathogenicity of certain induced biochemical 
mutants Am J Botany 44 797-803 

Kovacs A 1955 Uber die Ursachen der unterschiedhchen Resistenz der Zuckcr 
rubensorten gegen Cercospora beticola Sacc Phytopathol Z 24 283-298 

Kovacs A and £ Szeoke 1936 Die phytopathologische Bedeutung der kutikularen 
Exkretion Phytopathol Z 27 335-349 

Kuc J 1957 A biochemical study of the resistance of potato tuber to attack by 
various fungi Phytopathology 47 676-680 
Kuc J A J Ullstrup and F W Quackenbush 1955 Production of fungistatic 
substances by plant tissue after moculation Science 122 1186-1187 
Kuc J R E Henze A J Ullstrup and F W Quackenbush 1956 Chlorogenic and 
caffeic acids as fungistatic agents produced by potatoes m response to inocula 
tion with Helminthosponum carbonum J Am Chem Soc 78 3123-3125 
Lausberg Th 1935 QuantitaUve Untersuchungen uber die kutikulare Exkretion 
des Laubblattes Jahrb wtss Dolan 81 768-806 
Lebeau J B and J G Dickson 1953 Preliminary report on production of hydro 
gen cyanide by a snow mold pathogen Phytopathology 43 581-582 
Lewis D 1954 Comparative incompabbility m angiosperms and fungi Advances 
in Genet 4 235-285 

Lewis R W 1953 An outline of the balance hypothesis of parasitism Am Nat 
urolist 87 273-281 

Lml. K P H K Angcll and J C Walker 1929a The isolation of protocatechuic 
acid from pigmented onion scales and its significance in relation to disease 
resistance m onions } Biol Chem 81 369-375 
Link K P A D Dickson and J C Walker 1929b Further observations on the 
occurrence of protocatechuic acid m pigmented onion scales and its relation 
to disease resistance m the onion J Biol Chem 84 7L9-725 
Lucas C E 1949 External metabolites and ecological adaptaUon Symposia Soc 
Lxptl Biol 111 336-356 



PHYSIOLOGY AND BIOCHEMISTRY OF DEFENSE 


465 


Lundegardh, H , ind G Stenbd 1944 On the exudation of nucleotides and flav 
anones from living roots Arktv Botan 31(10) 1-27 

Magrou, J 1924 A propos du pouvoir fungicide des tubercules dOphrydees Ann 
SCI not Botan [10] 6: 265-270 

Martin, J T , R F Batt, and R T BurchiU 1957 Defense mechanism of plants 
against fungi Nature 180 796-797 

McNew, G L, and H P Burchfield 1931 FungitoxicUy and biological activity 
of qumones Contrjbs Boyce Thompson Inst 16. 357-374 

Menon, R , and L Schachmger 1957 Die RoUe des Phenols bei dcr Widerstands- 
fahigkeit von Tomatenpflanzen gegen Infekbon Ber deut botan Ges 70. 

Mueller K O 1939 Physiologisch genetische Untersuchungen uber die Resistenz 
der Kartoffel gegenuber Phytophthora tnfestans Naturwissenschaften 27 765- 


Mueller, K O 1950 Affinity and reacbvity of Angiosperms to Phytophthora in 
festans Nature 166: 392-394 t . . u. 

Mueller K O 1953 The nature of resistance of the potato plant to blight 
Phytophthora wfestans J Natl Inst Agr Botan 6 346-360 
MueUer, K 0 1956 Einige emfache Versuchc zum Nachweis von Phytoalexinen 

MueUerf^K^’^^o! ^d ^Be^^ 1949 Mechanism of Phytophthora lesistance of 

MueUe°i^*K^ O^^^d ExperimenteUe Untersuchungen uber dia 

^tfphLr^^ilm der Kartoffel Arh R.chsenstalt Land n Forst- 

Wirtsch Berlin Dahlem 23. 189—231 i » » 

Mueller, L E , P H Carr, and W E Loomis, 1954 The submicroscopic structure 
nf nlinf Siirfaces Am / Botany 41. 593-600 
Newton, H , and J A Anderson 1929 Studies on the nature of rust resistance in 
wheat IV Can J Research 1: 86-99 

Newt™ R, J V Lehmann, and A E Clarke 1929 Stndma on the nature of mat 
resratance rn wheat I-III Con / Reaearoh 1 5-35 
Nobicourt, P 1929 "Contnbulron a l«tude de Imrrmrmte chea lea vesetaux, J 

Barker et Cie, Tunis 176 pp r l j j ..it 

Orton W A 1908 The theory and pracUce of breeding disease resistmt plants 
Am Breeders Assoc Ann Repl 4: 145-156 ,p , a 

P.Iet.P E 1957 AcUvrteanUarrxrrrea oxyfe^e L^ 

narflufe dEuvhorbui cyportsstos L Phylopathol Z 31. 162-179 
Ramsey, G B . B C Heiberg, and J S Wiant 1946 D.plodm rot of onions P!„jlo 
vatholosu 36 245—251 , , , , j r . . 

T, 1- C Tt r HnrMall 1954 Rebtion of polyphenol oxidascs to fungitoxicity 
Rich, S, and J O na_i 45 

Proc Natl Acad Set V S 40. 139-145 
Eomarrko, R R 1958 A phys.oIog.eaI basrs for resrstarree of oats to V.ctorra bhght 

B b.n”B’''A'**and T”w "friebowslaia 1953 “Brochem.sche Charaktercdik dor 
WrdersMdstlrglert der PflarBen gegenuber hlrkroorgamsmen Akadcm.e 

Sc™ rikova, and E V Arzichowskaja 1955 Tlic oxidation s>s- 
Rubin, B A E P Chctxcr^ . ^/lur Obschet B,cl 16. 106-118 

tern and the immunity ot pianis tin / 

Salaman, R N 1933 Proteetire inoeulabon against a plant vims iVulure 131. 408 



466 


PAUL J. ALLLN 


Salamin. H N 1938 Tlio poUti) Mnis “X". ils slrjms Jml imtions, 1 /ill 7riW!. 

Hmj Soc Loiulcm B229: 137-217. 

bamborski, D J, .ind .\1 bh.iw 1038 llic l)li)siiilo8y o! liost-p.ir.isilo r< laliim!.. 
11. Coil I. BoUmj 34; COl-010. 

Saniborski, D. J , and M Sbaiv. 1057. llii! pliysralogy ol bust-parasito tilalioiA. 1\ . 
Can ]. Botanij 35: 44'J— 155. 

Schaal, L A. and C Johiiion 1955 The inliibuory (.ffta nf phcnoln. coinpomuls 
on tile growth of SJrcp/omyt-tn icabic$ as rclittd lo tlic nitclnnisin of sl.iIj 
rcsistante. Phytopaihologtj 45: 620-C28. 

Scheffer, R. P , and J. C. Walker. 1034. DisUibutioti and nature of Fuiarunn reiiit- 
ancG m the tomato plant. PhytoiMlhologij 44: 04-101. 

Schicfcrstein, R II , and W. E. Loomis. 1930. Wax deposits on leaf surfaces, riant 
Phijsiol. 31: 240-247. 

Schwmghamcr, E. A. 1957. Effect of loni/ing radiation on rust re.ittion in plants 
Science 125; 25-24 

Sempio, C. 1950. Metabolic rcsisUncc lo plant disease Phytopathology 40; 1-2-3. 

Shaw, M , and A. R. Hawkins. 1038. The physiology of host-parasite relations V. 
Can. I. Botany 3G: 1-10. 

Shaw, M, and D. J Samborski. 1957. The ph>sioIogy of host-parasite relations. 
Ill Cen / Botany 35 : 389—107. 

Shunomura, T, A Yamaguchi, I. Untanl, and T. Hirai 1955 Resistance of lotus 
to the rhizome rot caused by Fuserhim bulbigcnum Wr. var. nclumblcolum N. 
et W Aim Phytopathol Soc. JajMn 20: 47-o3 

Spencer, D. M , J H. Topps and R. L. Warn. 1957 An antifungal substance from 
the tissues of Vtcta faba Nature 179 : C51-653 

Szent-Gyorgyi, A , and K Vielonsz. 1931. Bemerk-ungen uber die Funktion und 
Dedeutung der Polyphenoloxidase dcr Kartoffel Biochcm. Z 233: 230-239 

Timonm, M I 1910 The interactions of higher plants and soil initroorgamsms II 
Study of the nucrobud population of the rliizospherc in relation to rosistaiite 
of plants to soil-borne diseases Can. J Research C18; 444-150 

Timomn, M I 1941 The interactions of higher plants and soil mieroorganisins 
III Effect of by products of plant growth on activity of fungi and actmo- 
mycetes Sod Sci 52: 395-413 

Tomiyama, K , M Takakuwa, and N Takase. 1958 The inet.abohc activity in 
healthy tissue neighboring the infected cells in relation to resistance to Phy 
tophthora mfestans (Mont ) do By. m potatoes Phytopathol Z 31: 237-250 

Topps, J H , and R L Wain 1957 Fungistatic properties of leaf exudates Nature 
179: 652-653 

Valle, E 1957 On antifungal factors in potato leaves Acta Chem Scand 11: 395- 
397 

Vavilow, N I 1953 Study of immunity of plants from infectious diseases. In “The 
Origin, Variation, Immunity and Breeding of Cultivated Plants” (Trans by 
S Chester), Vol 13, No 1/6 Chronica Botinica, Waltham, Massachusetts 
pp 96-168 

Virtanen, A I , and S Lame 1935 Chemical nature of the imino acids excreted 
by leguminous root nodules Nature 1S6; 756-757 
irtanen, A f > P K Hietala, and O Wahlroos 1957 Antimicrobial substances in 
cereals and fodder plants Arch Btochem Btophtjs 69: 486-500 
aggoner, PE, and A E Dunond 1956 Altering disease resistance with ionizing 
radiation Phytopathology 4G: 12S-127. 



PHYSIOLOGY AND BIOCHEMISTRY OF DEFENSE 


467 


Wagner, R P, and H K. Mitchell 1955 Genetics and Metabolism Wiley, ?<ie\v 
York 444 pp 

Wilker, J C 1923 Disease resistance to onion smudge J Agr Research 24 
1019-1040 

Walker, J C , and M A Stahniann 1955 Chemical nature of disease resistance 
m plants Ann Rev Plant Phystol 6 351-366 

Walker, J C , C C Lmdegren, and F M fiachmann 1925 Further studies on the 
toxicity of the juice extracted from succulent onion scales / Agr Research 
30 175-187 

Walker, J C , K P Link and II R Angell 1929 Chemical aspects of disease 
resistance m the onion Proc Nall Acad Set 17 S 15 845-850 

Weindhng R 1934 Studies on tlie lethal principle eflfective in the parasitic action 
of Tnehoderma hgtiorum on Rhtzoctonm solam and other soil fungi Phyto 
pathology 24 1153-1179 

Weindhng R 1941 Experimental considerations of the mold toxins of Gliocladtum 
and Tnehoderma Phytopatftology 31 991—1003 

Went, F W 1940 Local reactions in plants Am Naturalist 74 107-116 

Yarwood, C E 1956 Cross protection with two rust fungi Phytopathology 46 
540-544 

Zscheile, F P, and Hazel C Murray 1957 Chromatographic study of ammo acid 
development m wheat ovules in relation to genes for disease resistance Phyto 
pathology 47 631-632 



CiiAPTEn 13 


HypersensiHvity * 

K O Muller 

CoinmoniLcalth Scienttfic and Industrial Research Organization 
Ditutori of Plant Industry Canberra, Australia f 


I Introduction 

II HypersensiUvUy Reaction as Morphological Plienomenon 
A Hypersensitivity Reactions Induced by Fungi 

1 Obligate Biotrophic Fungi 

2 Facultati\e Biotrophic Fungi 

3 Necrotrophic Fungi 

B Hypersensitivity Reactions Induced by Viruses 
C Hypersensitivity Reactions Induced by Bacten i 
D Reactions Resembling Hypersensitivity 

III Hypersensitivity as a Genetic Problem 

IV Hypersensitivity as a Physiological Problem 

A Comparative Physiology of Hyper and Normosensitive Tissues 

1 Tune Relabonships 

2 Changes m Chemical ConsUluents 

3 Metabolic Physiological Changes 

B The Influence of External Factors on the Course of the 
Hypersensitivity Reaction 

1 Effect of Temperature 

2 Effect of Light and Atmospheric CO Content 

3 Influence of Mmeral Salt and Water Supply 

4 Effect of Narcotics 

5 Effect of Chemotherapeutanls 

6 Effect of Irradiation 

V Hypersensibvity Reacbon as an Immunological Problem 

A Lack of Nubibonal or Growth Factors as Antipathogenic Pnncinle'’ 
B Preformed Inhibitors as Antipathogenic Prmciples? 

1 Acid Content and Hydrogen Ion Concentration of the Host Tissue 

2 Content of Phenolic Compounds m Tissue of the Host 

3 Enzymatic Activity of the Host Tis^e and Hypersensitivity 
C Hypersensitivity Reaction as Defense Mechanism Sensu Stricto 


470 

473 

473 

473 

475 

476 

478 

479 

480 
480 
482 

482 

483 

484 

485 

490 

490 

491 

492 

493 

494 

494 

495 
490 
497 
497 

497 

498 

499 


• In this chapter the hypersensibve reacbon is abbreviated as HR and host 

pathogen combination is abbreviated as H/P 

f Previously Biologische ReichsanstaU, and Unn^enuies of Berlin and 
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I KntODUCiioN 

The term hypersensitivity is borrowed from imm.in medica! termi- 
nology Literally, it means tb it an organism or group of organisms is 
sensitive to a p itliogenic agent beyond llie norm As CiUi be seen from 
the following amphRcations, the dermitiun describes only one aspect of 
the phenomenon here under discussion. Moreover, the* hypersensitivity 
concept m plant pathology differs essentially from the same term m 
human medicine Thus, no analogous conclusions can be drawn from 
examples m animal pathology 

What does the phytopatbologist understand by the term hypersensi- 
tivity and its synonyms (supnscnsilmly, hypersusccptibihty, hyperergy, 
Uberempfindhchkcit, and m connection with tlicse concepts incompati- 
bility reaction, protoplasmic resistance, active resistance, etc )? It is 
suitable to start with the phenomenon itself, so that one docs not become 
a slave to a preconceived terminology 

The Cambridge botanist. Ward, was the first to recognize clearly the 
significance of the hypersensitivity reaction as a defense mechanism of 
the plant agamst potential parasites In his treatise (1902a) “On the 
relations beUveen host and parasite in the bromes and their broNvn rust” 
he shows that the pathogen penetrates with its hyphae into resistant as 
well as susceptible hosts He observed no differences between the 
behavior of the resistant and susceptible hosts until direct, physiologic y 
contact is established In the congenial host, the parasite slowly taxes 
its host and even stimulates the cells for some greater activity ” In the 
uncongenial host the pathogen induces changes that were described by 
Ward as follows The tissues turned brown and died, the destructive 
action of the infecting tubes having killed the cells too rapidly ” At the 
same time, the pathogen ceases to grow Thereby, the mfection is 
limited to a local necrosis and the plant escapes the disease The writer 
attributes the premature physiologic breakdown of cells to an increased 
sensitivity of the tissue of the hosts toward some metabolic products 
of the parasite 

Ward recognized that both extremes highest sensitivity” and “high- 
est tolerance of the host cell are connected by intermediary steps and 
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furtliermore, that the mode of reaction is mfluenced by environmental 
factors He tried m viin to answer tlie problem not as yet solved why 
a pathogen such as Puccmui dtspersa discontinues its growth prematurely 
in the hypersensitivity host He endeavored to find some body in the 
cell sap of tile host plant which inhibits or promotes the growtli of the 
fungus These efforts failed Of course he emphasizes die expen 
ments teach very little Finally he suggested that mtemal i e mtra 
protoplasmic properties beyond the reach of the microscope and similar 
in their nature to those whicli bring about the essential differences 
between species and varieties themselves must be the cause for the 
gradually changmg behavior of die host plant 

About 10 years later research on the phenomenon described by 
Ward received further impetus from Stakman His discovery diat Eriks 
sons formae speciales of the cereal rust fungus consist of many 
physiologic races die host spectra of which are determined by the inter 
action mechanism described by Ward gave direction to further progress 
in hypersensitivity research Tlie term hypersensitivity was mtioduced 
by Stakman mto phytopathological terminology 

Since the hypersensitivity phenomenon was first studied on cereal 
rusts the opinion prevailed until the 1920 s that it is connected with 
plant diseases elicited by obligate biotrophic fungi The causal mterpre 
tation of the mechanism of the process was also strongly mfluenced by 
this opmion However it was slowly recognized that facultative parasites 
such as Phytophthora mfestans or Venturia inaequalts can brmg forth 
reactions in their hosts that have all the earmarks of the phenomenon 
described by Ward for the rusf diseases Virus research provided a 
further impetus smce it was found that viruses may multiply withm a 
short time even in the uncongenial host but they induce necrosis in the 
infected tissues causing a localization of the infection 

Finally and most recently the hypersensitivity or hypersusceptibil 
ity concept has been applied to interactions of some suckmg insects 
and their hosts that lead to a premature necrosis of the sucked part 
of tissue and that prevent the establishment of a normal parasitic 
rela lonship 

In lookmg back on tlie history of hypersensitivity research three ways 
can easily be recognized by which attempts were made to gam msight 
mto the nature of this phenomenon There are numerous works at hand 
m which scientists tried to find by histological or tissue physiological 
methods how the course of interaction differs m hypersensitivity from 
the normosensitive hosts (structural analysis) Tlie second way con 
sisted in evaminmg how far the mteracbon is determined by tlie genetic 
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constitution of the host or patliogen and by environmental conditions 
(conditional analysis) And finally, attempts were made to find tlirough 
physiological e'^ponments and chemical analysis the factor tliat prci'eiits 
die pathogen from developing in tlie tissue of the hypersensitive host 
after mitial normal development (causal analysis) 

Such separation can of course be maintained m dicory. Actually, 
the approaches constantly overlapped, especially when histological find- 
ings were used to interpret the phenomenon 

In order to avoid misunderstandings, some definitions are expressed 
as follows 

1 Hypersensitivity reaction (UR) encompasses all morphological and 
histological changes that, when produced by an infectious agent, elicit 
the premature dying o5 (neciosis) of the mfected tissue as well as 
mactivation and localization of the infectious agent 

2 A plant which does not react in a hypersensitive fashion and, 
therefore, is susceptible to the pathogen, is called “normosensitive ” De- 
pending on the intensity of necrotic changes with which the cell of tlic 
host responds to the infection, distinct degrees of sensitivity are dis- 
tmguishable 

3 Interactions that lead to a rapid death of the cell of the host and 
simultaneously to inactivation of the pathogen are called '^p arabiotic” 
according to Gaumann (1948) On the other hand, m case of a parasitic 
relationship, in which the cells of the hosUand the pathogen remam alive 
for a longer period of time (mutual tolerance) the mteraction is called 
"e usymbiotic ” 

4 The expressions resistance” and “susceptibility” are used exclu- 
sively in a clinical sense Thus, “resistance” only means that a certain 
plant— notwithstanding the presence of a particular disease produemg 
agent and conditions favorable for infection — remains free or nearly 
free of the disease The term "tolerance” is applied to hosts (eg, latent 
virus earners) that do not become ill despite clinical infections 

5 Tlie terms "virulence” and “avirulence” are used, respectively, 
with "susceptibility” and “resistance” Hiey always refer only to the 
underlying host/pathogen combination (H/P combmation) 

It is impossible to define exactly tixe term "liypersensitivity” itself, 
for we know by experience only that in the resistant host the mteracbon 
occurs with greater force than in the susceptible one The conclusion 
that the resistant host must be "more sensitive” than the susceptible one 
to some material mfluences of the causative agent is no more than a 
supposition still m need of expemnental study As long as we do not 
know anything about tlie nature of the factor (or factors) that produces 
HR, each definition can be only of descriptive value 
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II IhPERSCNSmVITY REACTION AS MORPHOLOGICAL PHENOMENON 
Hypersensitivity interactions produced by fungal pathogens will be 
discussed first, because we are best informed about them, and because 
tile results achieved through them have decisively influenced the course 
of research 


A HtjpersensitwiUj Reactions Induced by Fungi 
1 Obligate Biotrophic Fungi * 

Apart from Archimycetes, that develop entirely within the cell of 
the host, intercellular or extramatricular hyphal growth is characteristic 
for obligate biotrophic fungi The cytoplasm of the cell of the host comes 
almost exclusively into direct contact with the hausteria of the pathogen 
Smce it is the eusymbiotic combmahon where the pathogen and host 
apparently live together “peacefully,” a mutual tolerance between tlie 
border areas of both partners should be postulated 

Puccima type Accordmg to Stakman and Levme (1922), at least 6 
interaction types can be differentiated in rust diseases of cereils for 
which thorough information is available 

1 =s no macroscopically recognizable symptoms 
0 = chlorotic or necrotic specks surrounded by a chlorotic nm area 
no fructification of the causative agent 

1, 2, and 3 = chlorotic and more or less necrotic specks with grad 
ually diverse fructification of the causative agent 

4 = no necrotic changes m the area of infected tissue, chlorosis only 
weakly indicated, optimal fructification of the causative agent 

A further mteraction type, ‘ v” was added to these six It is characterized 
by the fact that three or more reaction types are realized on the same 
leaf (mesotlietic type) 

Extensive literature is available about changes that occur durmg 
interaction (eg, Ward, 1902a, Marryat, 1907, Stakman 1914, R F Allen, 
1923, 1927, Noll, 1951) The following results are considered essential 
in this connection The pathogen can penetrate into tlie plant, mde- 
pendently from interaction type In infection type “i," interaction ends 

“ The following definitions apply lo this chapter Biotrophic fungi are defined 
as those able to grow exclusively in living tissue (e.g, rust fungi) Fungi thriving 
in hving tissue without killuig it but able to grow on dead substrata are referred 
to as facultative biotrophs (eg, smut fungi) The term necrotrophic is rcseixcd 
for pathogens that spread m host tissues, lolling it if the infection is not halted by 
the h>persensitive reaction (eg, Colletotnchum ItndemtUhtanum) 
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xn a necrosis with only microscopically recognizable cl* 11 coniplcves 
Scarcely developed inyccha are hidden m these, the development of a 
gum-hko substance in the nccrolically changed tissue is characteristic 
for this intciaction type and foi t>pe ‘0” Mycclia advancing into the 
mesophyll, and penetrating with thtir hauslona into cells, are found m 
reaction type ‘0’ that his been very e\tcnsivcly studied by Allen After 
a relatively short period of incubation, “degenerative” changes occur in 
the invaded cell The cytoplasm is condensed around the nearest liaus- 
torium The physiological breakdown is indicated by progressive dis* 
integration of plastids and cell nucleus, brown discoloration of cell 
contents, and swelling of cell membranes Sharply defined, scorched- 
looking flecks are the end result At the same time changes occur in the 
hyphae that indicate “exhaustion” of the pathogen, the hyphae show 
an increased affinity for nuclear stains, cell nuclei disintegrate into a 
homogeneous mass, density of the cytoplasm simultaneously increases 
m the haustoria-mothcr cells 

In eusymbiotically interacting H/P combinations (reaction type 4) 
the interaction fares differently Degenerative changes m pathogen as 
well as host occur relatively late, about the time when the pathogen 
achieves fructification Interaction types 1 and 3 occupy an intermediate 
position In individual cells, necrosis — as far as its strength is concerned 
— is characteristically subject to a much gieattr variability m a narrower 
space than in type 0 or 4 

In prmciple a similar course of HR can bo observed in other rust 
diseases, such as flax rust (Hart, 1926), corn rust (Wellensiek, 1927), 
or bean rust (Wei, 1937) The same is true for downy mildews, eg, 
Plasmopora vUicola (Husfeld, 1931) and Peronospora manshurica (Leh- 
man, 1958) 

Enjsiphe type As far as the available literature shows, mode of inter- 
action and frequency of infection vary here too, one independent of the 
other (Salmon, 1905) As Salmon already recognized the fate of the 
pathogen is determined only after the infection peg has penetrated into 
the cell of the epidermis According to Neger (1923), who studied the 
host spectrum of Erystphe ctchoracearum and C polygont isolates, a 
premature collapse of the invaded epidermal cells occurs The various 
H/P combinations seem to react differently According to White and 
Baker (1954) and Hirata (1956) it is not the invaded cells but tlie 
adjoining mesophyll cells that react with necrosis m cereal mildew 
Furthermore, White and Baker established a positive correlation between 
speed of reaction and degree of resistance The sooner the collapse of 
mesophyll cells occurs, the weaker tlie development of extramatricular 
mycelium. 
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Stjnchytrium type The behavior of potato toward Synchytmun endo 
hiohcum (Kohler, 1928, 1931) may serve as an example Again, there is 
no difference behveen normo- and hypersensitive types in frequency of 
infection It is found only in the degree with which the cell of the host 
“tolerates*’ the pathogen Only meristematic tissue is prone to infection 
It IS characteristic that the tissue adjoining the infected cells m the 
eusymbiotic H/P combinations, responds to infection with development 
of tumors In case of liighest sensitivity the infected cells die after a few 
hours, so does the pathogen In the intermediary reaction types, the cell 
of the host and the pathogen remain alive for some time But, before 
there is tumor development in the tissue surrounding the infected cell, 
necrotic changes set in and lead to a cutting off and expulsion of the 
infection focus In a borderline case, a great deal of cell multiplication 
contmues m the neighboring tissue but here too, abortion of the infec 
tion focus occurs, before the son of the parasite have ripened The 
normosensitive or susceptible host type is the opposite of these more or 
less hypersensitive host types Here the cell of the host as well as the 
tissue surrounding the infection focus remains alive The tissue develops 
into extensive tumors and the pathogen can multiply 

2 Facultative-Biotrophic Fungi 

Phytophthora type This type shows, histologically speaking numer- 
ous similarities with the Puccmta type The pertment examinations have 
been almost entirely earned out with potato (interspecific hybrids) and 
Phytophthora infestans (Muller, 1931, 1953, Muller and Borger 1940 
Muller et al , 1955, Meyer, 1940, Friston and Gallegly, 1954, Tomiyama 
1955, 1958a, b, Takakuwa and Tonnyama, 1957) Phytophthora mfestarvs 
develops haustoria, as numerous obligate biotrophic parasites do that 
remain alive a relatively long time m eusymbiotic H/P combinations 
Agam there is no connection behveen the reaction type and infection 
frequency, either The leaves react to the infection with rapid necrosis 
The collapse of the cell of the host precedes the dymg off of the 
pathogen, but its span of life m the necrotic tissue vanes in different 
H/P combinations (Muller, 1953) 

In the tubers, the interaction is considerably slower than m the 
leaves If the mfected cells show signs of an initial physiological break- 
down after a 24 hour mcubation penod (appearance of melanins, regres 
Sion of turgor, etc ), the pathogen can penetrate only as deeply os a few 
cell layers into the parenchyma Under such conditions, no fructification 
of the fungus takes place Since both extremes, ‘highl> susceptible” and 
highly resistant” are connected by mtermediary steps, no altemilixe 
separation into “susceptible” and “resistant” is possible m tubers 



476 


K. O. MUIXLH 


(Muller, 1935, Muller ct al, 1955). In the luglily susceptible tubers, tbe 
tissue attacked by the pathogen remains alive for weeks and the liaus- 
tona of the pathogen exhibit especially strong growth, and tlie sheaths 
tliat surround them reach maximum strength. 

Ustilago tritici type. In eusymbiotic combinations, systemic infection 
of the host pkuit is characteristic for this type In the first type infection 
becomes evident only when the host flowers Such a course of develop- 
ment presumes extensive mutual tolerance between both interaction part- 
ners The other extreme is realized when, as m smut of oats caused by 
Ustdago kollcn, development of the pathogen stops in the first stages 
of infection The invaded cells of the host collapse, and the pathogen 
stops growing simultaneously (Western, 1936) As Oort (1947) and later 
Kirdly and Lelley (1956) have established, the intermediate degrees 
of sensitivity are characterized by strong reduction of tillering and 
longitudinal growth The intermediary types show greatly changing 
behavior in clinical results In some plants the pathogen may grow into 
the flower region, in otliers it fails to reach the inflorescence, and the 
plant remains "free of disease,” clinically speaking 

3 Necrotrophic Fungi 

The high degree of mutual tolerance between host and pathogen in 
the presence of suscepUbihty is chaiaclenstic of the above described 
interaction types In the necrotrophic pathogens, on Uie other hand, 
there is not a eusymbiotic relationship If the HR mechanism fails, the 
pathogen produces a more or less rapidly developing decay of the 
attacked tissue 

The combination Pyrus malus and Venturia tnaequalis should still be 
considered as a transition type According to Nussbaum and Keitt (1938) 
and Shay and Williams (1956) the highest degree of susceptibility is 
characterized by a normal appearance of epidermal cells 9 to 10 davs 
after infection by the subcuticular route Tlie pathogen spreads freely 
below the cuticle of the host and fructifies before the cells have finally 
collapsed On the other hand, the impending physiological breakdown 
can be foreseen soon after infection m the cells of resistant forms of 
apples Infection foci of nei^boimg cells also show symptoms of an 
initial necrosis In the case of highest sensitivity, infection remains 
limited to a small group of cells, and no more fructification of the fungus 
takes place Nussbaum and Keitt describe a third mode of reaction in 
which the development of a weak mycelium occurs However, the cells 
that have come into direct contact with hyphae show no necrotic 
changes 

In tile following H/P combmaUons, no eusymbiotic relationship, 
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even a temporary one seems to occur Phaseolus vulgaris and Colleto 
trichum Imdemuthianum (Leach 1923 Pierson and Walker 1954) 
Cucumis sativus and Conjnespora cucumermum (Khmke 1941) Linum 
usitatissimum and Colletotrichum hmcolum (Schwinghamer 1954) 
Hordeum sativum and Septorm passermi (Green and Dickson 1957) 
Hordeum sativum and Hclmmthospormm grammeum (Skoropad and 
Amy, 1956), Zea mays and Hehnmthosporium maijdis (Jennings and 
UUstrup, 1957) All tliese combmations have the factor in common that 
the pathogen can penetrate into a susceptible as well as a resistant host 
and that in case there is resistance a necrosis progressing rapidly in the 
infected host cells halts the establishment of a pathogenic relationship 
prematurely On the other hand in the susceptible host while spreading 
from the site of infection the pathogen destroys the tissue of the host 
often in advance with the dissolution of middle lamellae Generally 
the extremes are connected by intermediary reaction steps The histo 
logical pictures often give the impression tliat the reaction depends 
primarily on the speed of the dismtegrating — i e pathogenic — action 
of the fungus and the speed of the counteraction by HR of the host 
whether the spreading of tlie pathogen can be arrested m time 

More often than during attack by biotrophic pathogens the host 
develops more or less marked demarcation tissues that shut off the 
infection from the healthy tissues An mstructive example is the shot 
hole syndrome described m detail by Naef Roth (1948) that is pro 
duced in Frunus species by infection with Clasterosporium carpo 
philum and other leaf inhabitmg pathogens Basically this appears to 
be a hypersensitivity reaction of intermediary degree m which the 
spreading of the pathogen is halted relatively late Then approximately 
20 cell rows away from the necrotic tissue complexes the cells begin 
to divide and bring about the development of a concentric penderm 
for the separation of the necrotic tissue 

The hypersensitivity reactions produced by leaf pathogens were the 
first ones to attract the attention of phytopathologists The hypersensitiv 
ity reactions occurring in other organs have only recently become the 
object of intensive studies Thus Flentje (1957) proved for Pelhculana 
filamentosa (= Rhizoctonta soJam) and Hooker (1956) for Pythium 
types that the reaction of the mvaded cells of resistant hosts is analogous 
to changes which have all the earmarks of an HR histologically speakmg 
The examples cited up to no>v are hypersensitivity reactions that are 
produced by infection of tlie host wth “adequate” pathogens The 
question is what happens when the spore of a patliogenic fungus lands 
on the surface of a plant tliat does not belong to the natural host spec- 
trum of the patliogen? Tins question was raised as earlv as 1905 by 
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Salmon IIo found tli.it Erijsiphe gramtim also penetrates into “wrong 
host plants,” but stops growing there after a sliort initnl development 
Similar results weie obtained bv Comer (1935) for other mildew fungi 
{Podosphaera Icucolrtchn or P pannosa) Hon (1935) and Muller 
(1950) studied tlie liehavior of the ciusd organism of late blight of 
potato and tomato, P/ii/fop/ithoru in/csfrtiis, toward plants that are not 
known as natural hosts of this pathogen (among them Composites, 
papilion iccae, and Lilnccac) If the pathogen succeeds m penetrating 
the tissue of the host, the cells respond with rapid necrosis, and the 
pathogen simultaneously stops growing Sproston (1957) obt lined sim- 
ilar results with Monthnm (ScJeroltnin) fnicticoln, AUtrnnrui tenuis and 
Botrijtis allti after transfer onto Impatiens hatsmnmca 

B HypersensUtvitij Reaettons Induced by Viruses 
If they do not exceed a certain size, parts of tissue that become 
necrotic after virus infections arc generally called "local lesions ” Since 
in many cases no virus can be isolated at some distance from the local 
lesion this phenomenon also must be based on a mechanism that local- 
izes the pathogen The necrotic tissue, liowcver, contains considerable 
quantities of active virus for some lime According to many authors 
(eg, White, 1954, Harrison, 1956), vims syntliesis stops when pliysio- 
logical breakdown begins Accordmg to Rappaport and Wildnian (1957), 
the spreading rate of local lesions is constant m certain H/P strain 
combinations of Nicobnia ghifmosa and tobacco mosaic virus, so that 
tliere is no absolute inhibition of the virus m this instance Furthermore, 
a close positive correlation was found between the size of local lesions 
and quantity of virus that can be separated from the necrotic tissue 
This result should point to the lack of an inactivation mechanism But 
by using a slowly growing stram, regression of the relative virus quantity 
was obtained which indicates that considerable quantities of virus are 
destroyed or inactivated m the necrotic tissue Such an inactivation 
mechanism was postulated by Zech (1952) This author found that the 
center of older local lesions contains no more active virus, while large 
quantities of active virus could still be found in the border areas Thus, 
in certain H/P combinations, HR could elicit not only localization but 
partial mactivation of the virus 

As far as the histological changes occurring during interaction are 
concerned (see Esau, 1938), the following observations should suffice 
The first changes recognizable with the naked eye occur m the infected 
tissue relatively early (Holmes, 19^) — m 'Nicotiana gluhnosa and 
tobacco mosaic virus after 30 hours According to Bald (see Rappaport 
and Wildman, 1957) the cell nucleus is affected first, then the chloro 
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phsts disintegrate and protoplasmic streaming ceases Finally, the cell 
collapses In eases studied by Bill, a new layer of cells is attacked by 
this degenerative process, eitry 4 to 5 hours The span of time, between 
infection and dying off of an mdividual cell is 6 to 20 hours 

The symptomatic picture of HU occasionally vanes greatly, depend 
ing on II/P combinations, age of host plant, and evtemal circumstances 
(see page 190) Considerable differences can occur even in the same 
organ In NtcoUana tabacum and potato X virus (strain Bf) Kohler 
(1951) described three local lesion types occurring m the same leaf, 
that differ in the varied arrangement of tlie necrotic and still livmg 
chlorophyll carrying tissue rings These differences might be based on 
periodic fluctuations of cellular sensitivity, accordmg to Kohler 

As m fungal mfections, HR can be chiefly observed when the host 
spectrum of an individual virus is e\ammed Schmelzer (1957) studied 
the reaction of 5S9 species of plants toward the tobacco rattle virus 
Of these, 158 species, almost 252 reacted with local lesions Of these, 
many species were not closely related to the NtcoUana genus No dis 
semination of tlio virus mto the surrounding tissue was observed in all 
these cases 

C Hyperscmtimtij ReacticMis Induced by Bacteria 
But little information is available to mdicate that HR is also involved 
m bacterial diseases Sucli a possibility should not be discarded how 
ever First, the etiological and the symptomatological momentum has 
taken precedence m the research of bacterial diseases up to now Second 
m bacterial diseases, if compared to mycoses, the mteraction between 
host and pathogen is much more difficult to observe m vivo However 
the examples that follow should indicate that in bacterial diseases too 
defense mechanisms occur that can be compared to HR induced by 
fungal organisms When inoculated onto inadequate host plants phy 
topathogenic bacteria may multiply for the first time, but stop growtli 
after a certam period of incubation Smee no morphological barriers 
are observed resistance probably results from physiological incompati 
bility of host and patliogen (Thiers and Lester 1949) The fact that 
many plants lespond to bacterial infection witli local lesions indicates 
a mechanism which has much m common witli HR to fungal mfection 
This idea is supported by the quantitatively different behavior of cotton 
species toward Xanthomonas malvaceamm The leaf lesions are much 
smaller m the resistant types than m the susceptible ones (Thiers and 
Lester 1949) Furdiermore, Pseudomonas tabact ehcits leaf blight m 
tobacco and the closely related— perhaps even identical— Ps angulata 
elicits only angular leaf spot ” Fmally, the results by Fuchs cf nl (1957) 
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should be mentioned, according to winch P^cutlomonns mon-prunoruvi 
{? = Ps syrnigac) produces “dic-back" in tlic brandies of Primus 
species, and only local necrosis in the leaves The necrolie tissues arc 
eliminated in the same way as m the shot hole disease of apricots and 
other stone fruits, caused by Clasterosponum carpophilum (sec page 
477) 

D ilccc/ioiw Jlescmbimg JlijpcrscnstlivUij 
Painter (1951) discusses the reason why a plant is un.iblc to serve 
as a host to a certain insect Among other tilings, he mentions hyper- 
sensitivity or hypersusceptibihty After giving a number of examples 
favorable to this concept, he concludes that liypcrsusceptibility and the 
resultant apparent resistance is not offered as an explanation for any 
insect plant relationship but may be involved, especially in regard to 
insects with sucking mouth parts 

Studies by Bomer (see Bomcr and Schildcr, 1932, 1934) and his 
colleagues (eg, Schildcr, 1947) on the reaction of resistant Vttis spp 
and tlieir hybrids widi cultured grape varieties susceptible to PhijU 
loxera vastatrix can offer tlic best insight into the problem The leaf 
tissue of highly resistant hosts reacts to tlic attack by the insect witli 
locally limited necrosis, simultaneously, the formation of tumor-like 
tissue typical of the susceptible host does not develop around tlic site 
of the bite Since the development of a tumor appears to be the pre- 
requisite for normal development of die msect, die plant remains free 
of damage Five different overlappmg reaction steps are differentiated 
There is a positive correlation between the reaction of leaves and of 
roots, but the latter react to the attack by tlic msect less violently tlian 
the leaves The sites of the bite are shut off by an mner wound periderm 
from the remaining tissue The necrotic tissue parts are later “cast off’ 
during the heavy growth 

A reaction mechanism similar to the one just described is suspected 
to be the cause of resistance to nematodes (literature quoted by Chit- 
Mood and Oteifa, 1952) The dying off of animals in the resistant hosts 
IS ascribed to a premature dismtegralion of the tissue around the site of 
penetration, that cuts the animals off from their food supply 

III Hypersensitivity as a Genetic Problem 

Biffen (1907) was the first to show that the hereditary resistance of 
rusts in cereals follows the Mendelian laws A second, even greater 
impetus came from Stakmans work (1914, 1915) It was soon found 
that HR toward individual rust races is controlled by individual genes 
Finally, it was possible to clarify the genetics of the parasite’s pathogenic 
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ability m a whole series of H/P combinations From the wealth of avail- 
able literature, the following important points should be stressed within 
the framework of this essay, by which Tnticum vulgare and Pucctnia 
gramims, and Linuin usitatissimum and Melampsora Iim can serve as 
modelspv 

The hypersensitive behavior toward an mdividual physiological race 
of the causative agent is usually characterized by a monogenous heredity 
in which ‘ hypersensitivity” is mostly predommant over 'normosensitiv- 
ity ” As a rule, an mdividual gene controls hypersensitivity toward several 
races of the causative agent, but various genes can determine hyper- 
sensitivity toward the same race Analogous conditions are found in tlie 
patliogen When tins one interacts, as m rust fungi, during the dikaryon 
phase, Virulence” is chiefly recessive to avirulence ” Here too, a whole 
senes of genes is involved fn the flax rust, at least 25 genes each for 
the pathogen as well as for the host, are controlling HR The actions 
conditioned by individual genes — i e , reaction potentials — ^interfere in 
pairs with each otlier, thus, the HR can only function when Rx (resist- 
ance of the host) meets Av, (avirulence of the pathogen) m the cell 
of the host, or R- with Avj, etc Flor (1955), who has made the most 
detailed studies of tins problem, mterprets the situation as conditioned 
by specific pairs of genes, one m the host and the other in the pathogen ’ 

( gene-for-gene relationship) 

If one assumes that dominance corresponds to the building up of a 
substance and recessiveness to the opposite, then HR is triggered off by 
the interaction of two specific substances Uiat are adjusted one to the 
other one of which originates from the cell of the host, the other of the 
pathogen Catcheside (1949) therefore compared the interaction of these 
two hypothetical substances with the antigen antibody reaction, as we 
know it in animal pathology 

Many findings obtained from H/P combinations analyzed in less 
detail fit easily into this general concept of the genetic basis for HR 
Hypersensitivity usually proves to be tlie dominant trait even in com 
binations where tlie pathogen is not an obligate biotrophic organism 
It IS mostly controlled by a Imnted number of genes This is also true 
for the heredity course of resistance to viruses that is characterized by 
local lesion reaction However, dominance of hypersensitivity is not 
always manifested According to Holmes (1934) and Weber (1951) and 
otliers in interspecific Ntcotiana hybrids, for instance, die ability to 
respond widi local lesions to infection by various strains of tobacco 
mosaic virus is controlled by hereditary factors with an incomplete 
dominance Honcckcr (1934) reports that resistance to mildew is in- 
herited as a recessive trait under low temperatures (15°-25° C ) and 
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as a dominant one at temperatures above 25® C Such a clnngo of 
dominance was obscived miinly m breeding inatcml tlial u is obtained 
fiom crossing susceptible with moderately resistant tjpos of birlcy. 
Perhaps the simple gene dose is not siilTicient to respond to the atlaeh 
by tliG pathogen with a IIU when the plants arc kept under 15°-25® C 
temperature Muller’s (1930) hypothesis was based on a similar con- 
ception according to which resistance of potatoes to Vhjtophthora races 
A and C is based on the cumulative effect of i alleles of the lb gene and 
that a certain gene dose is necessary to set an effective HR into motion 
In a whole senes of cases, however, the polygenous inheritance of 
hypersensitivity towaid individual races of the pithogen lias been 
obtained, eg, for interspecific Vitis hybrids and Vkylloxtrn easfatnt 
(Borner and Sclulder, 1934) 

The methods of mutUion research have been used to clarifj the 
genetic base of HR, ui addition to the genetic analysis of hybrids that 
were obtained by mtra- and interspecific crossings Freislcben and Lem 
(1942) obtained mutants of barley, resistant to Unjsiphc grammis, by 
Xray treatment Bandlow (1951) found that resistance thus obtained 
IS based on hypersensitivity Analogous results were obtained by Frey 
and Browning (1955) who produced mutants resistant to stem rust 
(reaction type 0 to 2) Here again, hypersensitivity proved to bo dom- 
inant and conditioned by a single gene On the other hand, Kcitt and 
Boone (1954) succeeded m changing the pathogenic potential of 
Ventufia tnaequahs populations by treatment with chemical compounds 
that produce mutations 

IV HyPEKSENSITIVITY as a PinSIOLOCICAL pROBLEYt 

Physiological research has contributed doubly to the clarification of 
the mechanic on which HR is based first, m clarifying the physiological 
changes that bccur in the parabiotically reacting tissues, and second, by 
finding out how far external factors influence the interaction between 
host and pathogen 

A Comparative Physiology of Hyper- and 'NormosensiUve Tissues 

Most studies of this problem are concerned with H/P combinations 
in which an obligate biotrophic organism (including viruses) acts as a 
pathogen Indeed, those studies have simply contributed the essentials 
needed for understandmg ‘obligate parasitism ” But, the one sidedness 
m the choice of test objects also elicited a one sidedness m the causal 
analytical interpretation of HR Namely, the physiological changes 
occurrmg in tlie hypersensitive tissues of the host and their extensive 
and early corresponding mhibition of tlie pathogen is mainly interpreted 
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as a simple nutritional relationslup Actually, the relationships are not 
as sunplo as tliat. In any case, an interpretation based on this has to fail 
when HR is produced by an organism which can be grown on quite a 
variety of artificial nutrient media 

Brown (1955) characterizes tlie situation as follows “To say that 
Puccinta grammis cannot progress through dead tissue is a truism if 
one accepts tlie current dcSmtion of an obligate parasite, but it is by 
no means evciuded tliat tlie agent which mhibits the growth of P 
grammts on an unsuitable host is comparable to that which acts similarly 
on Phijtophthora tnfestans m the cells of a resistant potato variety At 
all events the various responses of potato tissue to attack by the blight 
fungus are much more open to analysis than are the responses of wheat 
to the rust fungus and so, as it is good practice m ascendmg a staircase 
to begin on the bottom step and from there to work upwards, the same 
procedure could well be applied to the study of parasitism ’ 

1 Time Relationships 

One of tlie essential characteristics of HR is the relative rapidity with 
which tlie cell of the host undergoes necrotic changes in response to 
infection with the avuulent pathogen The span of time between infec 
tion and final breakdown of the cells of the host varies, depending on 
the underlying H/P combination and external circumstances, m broad 
terms however as far as more detailed studies show it is always 
shorter in parabiotically interacting H/P pairs than m the eusymbiotic 
ones In potato (Ackersegen type) and Synchijtrium endobioticum, for 
mstance, collapse of the cell is observed after a few hours (Kohler, 1931 ), 
the interaction is finished after 16 to 18 hours m the combination 
Phaseolus vulgaris and Phytophthora infestans, to be discussed in more 
detail in Section IV In rust infections, on the other hand, days pass 
before there is a complete breakdown of cells of the host in parabiotically 
mterreactmg H/P pairs However, it takes place much more rapidly 
than m eusymbtotio H/P comblnatjoiis 

The most detailed quantitative studies of rate of mteraction and 
behavior of resistance are available for potato and Phytophthora tnfes 
tans According to Meyer (1940) and Muller and Borger (1940), at 
least five phases can be distmguished m the morphological and physio 
logical changes tliat can be observed m the parenchymal cells of tubers * 

The parabiotic combmations go through these five phases much faster 
than the eusymbiotic ones, the extreme bemg 36 hours (19° C) In 
eusymbiotic combmations, on the other hand; the infected cells remain 
alive up to 3 ueeks and the whole tuber is destroyed Between these 

•Sec also Gaumann (1948) 
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extremes are types of medium interaction rate and resistance T)icre is 
a clear relationship between both characters the eaiUer the first signs 
of necrosis are observed, the earlier die pathogen stops growth In 
extreme cases the area of tissue that has been penetrated by the 
pathogen is liimted to a few cells (Muller, 1953) 

Ferris (1955) did similar studies on the HR m leaves The differences 
between the resistant and susceptible plants, as far as the‘rate of reaction 
1 !, concerned, were not so striking But she found that ‘a necrotic 
response was evident in the resistant plants at most a few hours before 
such a response developed m susceptible plants” The first differences 
m the mode of reaction between sensitive and normosensitive tissues 
become evident almost immediately after die pathogen has penetrated 
into the tissue of the host Thus, increased plasma current and Brownian 
molecular movement start in the hypersensitive cells 10 to 60 minutes 
after infection, in the normosensitive cells only after 120 to 180 minutes 
(Tomiyama, 1956b) Analogous, but not as great, differences were 
observed in the speed of necrotic breakdown (Pnston and Gallegly, 
1954, Tomiyama, 1955, 1956a) 

The concept of reaction rale as a deciding factor of HR only makes 
sense when we assume that during mteraction llie living conditions for 
the pathogen become worse” Unfortunately, we are informed only 
incompletely about the chemical-physiological side of necrosis But the 
substantial changes occurring during HR have to differ from those tliat 
occur for instance during necrosis induced by wiltmg toxins Otherwise 
one could not understand why common saprophytes, such as Altemaria 
tenuis m Impatiens balsamina, discontinue their growth shortly after 
havmg penetrated into the tissue of the host 

2 Changes in Chemical Constituents 

An integrating svmptom of HR is the rapid loss of turgoi m the 
infected cells The water released by them is mostly absorbed by neigh 
boring living cells Consequently, the latter swell and fill the space left 
by the dead ones Evidently, substances are also transferred which pro- 
duce characteristic reactions in the neighboring tissue, such as wound 
periderm buildup, swelling and migration of cell nuclei toward the cell 
wall bordering upon the necrotic cell, or vacuolization of cytoplasm 
Before the final physiological breakdown of the cell of the host, the 
hydrogen ion concentration increases m the cell (eg, Muller, 1958a) 
It IS characteristic of some parabiotic H/P combinations that the 
imylolytic enzyme system is put out of commission, eg, in potato 
tubers and Phytophthora mfestans (Meyer 1940) In the eusymbiotic 
combinations, on Uie other hand, a considerable decomposition of starch 
occurs m the infected tissue (Lepik, 1930) 
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Tomiyama ct ol (1956b) studied tlic water, carbohydrate, and pro 
tern content of eusymbiotic and parabiotic H/P combinations m potato 
tubers mfected by PJvjtophthora Tliey found m the latter ones — 
contrary to the eusymbiotic combinations — during the early stages of 
infection an increase in the water-soluble protein portion, m starch, and 
in content of phenolic compounds The situation changed later on The 
Nvnter concluded that tlie infection results m the synthetic reaction in 
the tissue of resistant varieties This is a nonspecific reaction of the host 
tissue to the damage done by the pathogen 

According to Noll (1950), a great accumuhtion of silicic acid 
(magnesium silicate?) occurs at the site of infection in parabiotic 
combinations (reaction type 0) between wheat and Puccmia glumarum 
Tlie reaction of infected cells to stains is different m parabiotically 
and eusymbiotically reactmg bssucs Irreversible aSinity of cell wall 
and cytoplasm for basic vital stains (e g , rhodamme B or neutral re 
2 ppm ) occurs much earlier m parabiotically than in eusymbiotically 
reacting tissue complexes The individual cell shows increased affinity 
for the stam first where it is in direct contact with intercellular hyphae 
or haustoria of the pathogen Thus. Uie cell does not react as a whole 

to the infection (Meyer, 1940) v i. i.i. u i 

Unfortunately, there is not much information about the chemica 
nature of brown pigments, tlie most marked symptom of HR next to cell 
collapse Undoubtedly the pigments contam pheno ^oups Dufrenoy 
1936) According to Meyer (1940) they are deposited as phlobaphenes 
mainly in the mtermicellar spaces of the cell wal s Since the ^11 mem 
branes react positively m advancing necrosis to phloroglucm hydrochloric 
acid, some authors think there is also Iigmfication 

Buildup of tannmlike substance often precedes the appearance of 
u ^ thpse have antibiotic qualities some authors 

brown pigments f (1936) toed to clarify the im 
consider them “ ‘ ^ g„up of substances Humphrey and 

DTenoH 194!) ‘postulated that m Avena sat,va and Puacma cronata 

there is a causal relationship betiveen coacervation of phenolic com 

mere IS a cau r .ion and the 'decomposition of the respiratory 

pounds at the site of intecfon ^ 

system men this is ^o gre^ J ^ ^ 

no longer behaves as a pa 

spots characteristic of 'hypersuscepbbdity 
3 Metabolic Physiological Changes 

A ,c penerally knowTi an mcrease m the intensity or 
a Respiration s parasitized tissues, that is attributed by Allen 
respiration oo™® “ mostly to higher respnatory activity of tlie bssue 
and Goddard ( -.itention has been drawn to Uie respiratory 

of the host Recently, attenri 
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metabohsm of p.irjbiotically inleraclmg II/P conibiiialions as well. 
Attempts have been made to gam insight in two ways- First, by com- 
parative studies in eusymbiotic and parabiotic II/P combinations of 
respiratoiy intensity or of the activity of respiratory eiliyines separated 
from host tissue and, second, by studying whether through manipulation 
of e\tetn.d circumstances or treatment of tissue with respiratory inhibi- 
tors the icaction potential can be clninged according to a proposed 
working hypothesis 

According to MiUcrd .ind Scolt (1936), m parabiotic combinations 
of Hordaum sativum and Enjsiphe grammts respiration is clearly in- 
creased at the beginning of interaction, but the respiratory intensity 
falls sharply again, and the growth of the pathogen stops siinultancouslv 
In eusymbiotic combinations, on the other hand, the respiratory intensity 
was clearly higher than in the control plants, even 168 hours after 
infection Hosts with intermediary resistance behavior showed an inter- 
mediary character m the respiration behavior Samborski and Sliaw 
(1956) and Shaw and Samborski (1957) found a similar relationship 
m wheats and Puccmia gramtms Japanese workers (eg, Tomiyama 
et al , 1956b) have stressed that respiratory increase is an essential factor 
in HR 

Millerd and Scott (1955) reported that from CNtracts of leaves 
attacked by mildew they had isolated a heat stable dialyzable factor, 
which eSects an increase in respiratory activity of healthy wheat leaves 
Later, a phenolic compound was isolated from the raw extracts, which 
produces increased sensitivity toward the mildew fungus in susceptible 
plants 

Sempio ( 1950a, b) tackled his studies on the influence of light and 
other external factors on the resistance of wheat to Erifsiphc gramtnts 
from a metabolic resistance’ point of view This metabolic resistance 
is determined by the intensity of the photosynthetic, glycolytic, and 
respiratory activity of the host Accordmg to him, the anabolic processes 
dominate over the catabolic processes m plants that are in a condition 
of defense while the opposite is true for plants that are in a condition of 
susceptibility Unfortunately, Sempio does not report, how far the inter 
action type can be changed by the manipulation of the environmental 
conditions Therefore, it is difficult to determine how applicable to HR 
IS his broad generalization that an unbalanced increase in the respiratory 
late is always linked with a marked decrease in the metabolic defense 
The following studies have also made clear that there is a strong 
connection between the HR medianism and respiratory metabohsm 
If potato tubers that normally mteract parabiotically with certain races 
of Phytophthora tnfestans are treated with respiratory inhibitors such 
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as pyrocatechol or tyrosine, the reaction will shift to the eusymbiotic 
type The same effect appears after pretreatment of tubers with poly 
phenoloxidase inhibiting compounds (eg, phenol urethane or potassium 
cyanide) or with acids from the Krebs cycle (Fuchs and Kotte, 1954, 
Christiansen-Weniger, 1955) Kiraly and Farkas (1957) found that in all 
five types of wheat, of which txvo interacted eusymbiotically and three 
parabiotically witli tlie Puccinia gramtnis race they used, the O 2 uptake 
Nvas clearly higher than in the controls, after 7 to 10 days mcubation 
However, quantitative differences between the different reaction types 
were found In eusymbiotic combinations, uptake was 6 to 12 times 
higher than m the parabiotic ones On the other hand, the glycolic acid 
oxidase activity decreased in all interaction types, more in the parabiotic 
than in the eusymbiotic combinations The decrease of glycolic acid 
oxidase is explained by the authors with the assumption that the pros 
thetic group of the enzyme (lactoflavmephosphate) is in great part with- 
drawn from the cell of the host by the vitamin hungry pathogen The 
greater decrease of the enzyme activity m parabiotic combinations can 
be explained by the fact that an additional inactivation of the enzyme 


occurs m the dymg tissues 

Another interestmg attempt to gam a glimpse into the dynamics ol 
energy metabolism of eusymbiotic and parabiotic H/P complexes (rust 
and mildew in cereals) was undertaken by Shaw and Hawkins (1958) 
who pursued the decarboxylation of artificially produced mddeacetic 
acid (labeled with C") A sharply increasing elimination of C*‘0 . soon 
followed by a sharp declme. was found in both combmations 

It IS impossible at this time to form a coherent-even hypotlietical- 
opmion of the respiratory physiological basis for HR One thing is 
certain Tliere are basic quantitative differences underlying the eusym 
biotic and parabiotic mteractions This is indicated by tivo facts m the 
first stages of mteracUon both types show a marked increase in the 
respiration rate as compared to controls also, os far as the external course 
of HR IS concerned, the behavior of intermediary interaction types can 
he shifted by mampulatmg external conditions toward both sides (see 
page 491) As would be expected, there is a sharp drop m respiration 
mte after a certam incubation period m parabiotic H/P comb.nal.ons- 
contrary to the eusymbiotic ones-(establishcd by Millcrd and Scot 
1956 and other authors), because the groutli of the pathogen as uell 
as metabolic activity of the host tissue stop after a short incubation 
period The only thing we can say today is that m parabiotieally reic mg 
cells die mtcnsificahon and the diversion of the respiratory metabolism 
induced by the pithogen surpass ihe proportion of ciis>'nibioticany rc 
.ictmg cells, consequently, the premature physiological breakdown of Uic 



190 


K O MUIXLR 


The ontogenetic variability of sensitivity is seen even in individual 
organs The etoliated tuber sprouts of many rhtjtoplifhora resistant 
potato types are less sensitive at the tip than at tlie base* (Muller ct al , 
1955) This seems generally true for ineiistematic tissue On the other 
hand, ‘loci of different sensitivity’ can be differentiated in the paren- 
chyma of grown potato tubers In jiarts of tissue witli Iiiglicr reaction 
rate, the pathogen stops growth relatively early (Muller, 1953) 

The shift of reaction potential that appears during individual develop- 
ment of the plant and its organs, might be closely related to those organo- 
or histotropically bound sensitivity differences In lialf-grown wheat 
plants, for instance, the leaves react differently to infection with Puccinia 
tnticina (Newton and Johnson, 1913), depending on their position on 
tile stalk Sensitivity decreases toward the base 

The shifting of reaction position with progressive development of the 
plant m rust diseases of cereals is of special interest Altliough the 
reported findings do not offer a completely uniform picture, it seems 
that sensitivity usually increases during individual development of the 
plant (eg, Stakman and Piemeisel, 1917, Straib, 19-10, Newton and 
Johnson, 1943, Simons, 1954) It has also been established that in virus 
diseases sensitivity increases with progressive development of the plant 
(eg, Holmes, 1932 Salanum mclongena and tobacco mosaic virus) 
However, the opposite tendency is also observed, for instance in 
Phaseolus vulgaris and Uromtjees phaseoh (Wci, 1937) 

B The Influence of External Factors on the Course of the 
Hypersensitivity Reaction 

The effect of external factors on HR may be a direct or an indirect 
one In the case of the latter, predisposition is changed This problem is 
discussed in detail by Yarwood m Chapter 14 of this volume Literature, 
accumulated since Ward’s (1902b) time— chiefly m tile field of cereal 
rust research — is so abundant that the following references have to 
suffice 

1 Effect of Temperature 

The speed with which HR expires as in every hvmg process is 
largely determmed by temperature Also the degree of sensitivity and 
the clinical result of interaction usually depend on temperature Thus, 
sensitivity increases in wheats and Puccinta glumarum as the temperature 
increases, however m wheats and Puccima gramints, sensitivity de 
creases (Gassner and Straib, 1930b, Straib, 1940, Johnson, 1931) John- 
son studied the behavior of a whole series of physiological races of 
P grammts on standard wheat types and found that the proportion of 
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temperature influence is co-determined by the mdividual H/P complex. 
Intermediary interaction types usually show the greatest lability. Among 
others, Straib (1940), showed for yellow rust and Hayden (1956) for 
black rust, that the age of tlie plant has a bearing here too. 

Similar relationships have been obtamed in other diseases elicited 
by fungal pathogens. Tlius, the mildew-resistant wheat type Hope, 
does not give the defense necrosis reaction at temperatures of 24° and 
28° C.; tliat is, it is susceptible at these temperatures (Futrell and 
Dickson, 1954). The reaction of Phytophthora susceptible potato tubers 
is shifted toward the parabiotic side by lowering the temperature below 
the 10° C. limit (Muller and Griesinger, 1942). 

In virus diseases the temperature also exerts a decisive influence on 
the interaction between host and parasite, m many cases. The interaction 
between Nicotiana glutinosa and tobacco mosaic virus should be men- 
tioned, as an exemplary case. In temperatures below 28° C the plants 
react with “local lesions”, under higher temperatures (35° C.) with 
systemic chlorosis (Samuel, 1931). According to 
lesions are much smaller at 16 to 18° C. than at 20 to . t 

lesions do not develop „ , , 

The predisposition of the plant is also influenced by temperature. 
According to Gradmaroff (1943), under prolonged sublethal pretreat- 
ment at Temperatures above 35° C., tlie potato tuber loses its ability to 
locaHze infections with the otherwise avirulent Fusartum species Straib 
and Noll (1944) found that m wheat varieties more or less resist^t to 
Puccinia riticlm sensitivity is reduced by pretreatment a 50 C for 
60 seconds. Thus, m the highly resistant Malakoff varieties, the reaction 
type changed from V to “2 to S." However, the leaves regained their 
hieh sensitivity if the plants were returned to normal temperatures for 
4 days SimilaTr^suIts were obtained in pods of Phaseohis vulgans which 
, , ^ ' j >v, 44 ® C for 2 hours and moculated witli Sclerotmia 

had been " rS YMulIer. 1956, Jerome and Muller, 193S) 

frua,cola or BotryUs cmerea ( 

In vurus diseases too ^ „„„ Thus, 

heatment exposed for 40 seconds, to 50" C , and 

if leaves of Nic A^cco mosaic, tlie diameter of lesions, becomes 
tlren mfected 7 * according to Yarwood (1958), on 

oUrer hSd! die tunc for lesions .0 develop decreases 

2. Effect of Light and Atmosphenc CO, Content 

T I as a rule, optimal light supply promotes dcxclop- 

In cereal rusts, ,, 193 I; Hassebrauk, 1910, also see Iitcr- 

ment of **= ”„d Straib, 1930a). At any rate, available btera- 

ature cited by Oassner auu 
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cure does not always raal^c it clear wlietlicr inhibition q£ the pathogen 
under inadequate lighting is due to increase of sensitivity, or to a “hunger 
crisis” of the fungus due to insufficient nutrition {Senipio, 1039, 1950b) 
Bever (1934) varied the day length in barley and Puccinm gltimarum 
under average temperature of 9°C. Witli 15-hoiirly or continuous ex* 
posure to light a highly susceptible variety, “Pasier,” showed reaction 
type “0,'’ estimated only after lack of sporulation of the pathogen In 
using lettuce plants the stems of which reacted with necrotic lesions to 
individual Pelltcularia strains, Fienljc (1957) found tliat the hypersen- 
sitive reaction of the host was lessened by exposuie to reduced light 
intensity On the other hand, Hassebrauk (1940) succeeded in shifting 
the reaction type toward increased sensitivity m wheats and Puccinia 
tnticina by keeping the plants for two days in darkness during the 
incubation period The proportion of induced changes and the time of 
treatment at which the response was greatest, was different in the 
different H/P combinations 

Our information on tlie influence of CO. content of the air is limited 
to the rust diseases Gassner and Straib (1930a, see also their listed 
bibliography) are responsible for most detailed studies of this problem 
Insufficient COj supply primarily lowers the frequency of infection in 
yellow rust of wheat, but does not shift the degree of sensitivity. In 
concentrations above 1 52 COj in the air, dianges do occur m the 
infected host tissues that resemble the rust type 0. “Necrotic discolora- 
tion" increases considerably as the CO* content increases further, bor* 
derlme concentrations, where the eruption of pustules in brown rust 
of ivheat is prevented, are not equally high m different mterachon types, 
but are lower in intermediary interacting H/P combinations than in the 
susceptible ones. 

3 Influence of Mineral Salt and Water Supply 

Because there was hope of obtaining with nutritional physiological 
experimentation an insight mto the mechanism that prevents normal 
development of the pathogen in the hypersensitive tissues, special atten- 
tion was given to the relationships between nutrition of the plant and its 
immunological behavior (see bibliography m Gassner and Hassebrauk, 
1931, 1933, Gassner and Franke, 1934) Since this point will be treated 
in more detail elsewhere, the foUowmg remarks should suffice As a 
rule, only hosts with intermediary sensitivity respond to differences m 
mineral salt supply Generally speaking — again in cereal rusts — it was 
found that lack of nitrogen increases sensitivity, surplus of nitrogen 
decreases it Potassium exerts an antagomsbc influence The significance 
of phosphorus could not be unequivocally clarified Obviously it depends 
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on tlie simultaneous supply of nitrogen and potassium Development of 
obligate biotrophic parasites is better if the host’s growtli is greater 
(eg, Pantanelli, 1921 ) Unfortunately, many studies do not differentiate 
sharply enough between the reaction type and the frequency of infec 
tion per unit area of tlie surfaces exposed to tlie parasite The many 
discrepancies in the literature can be explained from tliat and from the 
use of extreme eusymbiotic or parabiotic H/P combmations This is 
especially true in cases where the effect of mineral salt nutrition was 
studied on the reaction to diseases elicited by facultative biotrophic or 
necrotrophic pathogens (eg, potato and Phfjtophthora tnfestans) 

Chcssin and Scott (1955) found that quantitative differences in the 
size of local lesions in Nicotiana glutmosa infected by tobacco mosaic 
virus depend on mineral salt supply Lack of iron or sulfur causes an 
mcrease in size of local lesions This does not happen m calcium or 
magnesium deficient plants 

In a bacterial disease (Zca mays and Phytomonas stewarti) seedlmgs 
insufficiently supplied with nitrogen reportedly showed “small necrotic 
lesions but little or no wilting of the invaded leaves” (Spencer and 
McNew, 1938) This relationship confirms the opinion that m bacterial 
diseases, too, interactions appear to set m that can be compared to the 
hypersensitivity reactions so often observed m mycoses 

As far as water supply of the plant is concerned, available mfoima 
tion suggests that a low water content increases die sensitivity of tissues 
If the plants that have become hypersensitive through wiltmg are 
brought back into normal condihons, they resume a normal behavior 
(Doak, 1930) 


4 Effect of Narcotics 

Stakman (1914) was ™ ‘"^uence o£ gaseous 

narcotics on degree of sensitivity He found that treatment of plants 
with chloroform made an immune plant some^at_ susceptible to rust 
Gassner and Hassebrauk (1938) conBrmed Stakman s results in a whole 
r t Tn certain combinations they succeeded m changing 

series of cereal ^sts in ^ ^ Phytophthora xnfestans, 

\ ^ livnersensitive tubers with sublethal concentrations of 

treatmen o VP decrease of reaction rate, simultaneously the path- 
alcohol nenetrate deeper mto the tuber parenchyma and fruc- 

Muller and Behr, 1949) Tomiyama ef (1956a, 1957) 
tity ^ e , » findings assume that the effect of narcosis to de- 

who con m connected with the respiration (dehydrogenase) 

crease sensitivicy 

Aroordmg ^”volk (1931) and Mmkevicius (1932) tlie virulence of 
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nccrotrophic fungal pathogens, eg. Altcrnana hrasstcrtc on Brassica 
dlCTCicca, dearly increases by prclreatmcnt of the host with chloroform 

5 Ejject of Chemothcrapeutants 

Gassner and Ilasscbrauk (1936) were the first to increase sensitivity 
and with it resistiince of cereals toward rust with the Iicli? of a systemic 
fungicide,’ by temporarily transferring young plants into nutrient solu- 
tions containing sulfides The reaction type was thus lowered from 3 or 1 
to 0’ and ‘1” The same effect was obtained by Ilasscbrauk (1951) 
with sulfonamides and sulfones, winch he mixed into the soil lie explains 
the effect of these compounds as a separation of the structurally similar 
and for some fungi essential p aminobenzoic acid from its protein car 
ner, just as m human medicine llotson (1953), reported still other 
organic compounds that arc effective against stem rust In accordance 
with Hassebrauk’s assumption, Holson reversed tlie rust inhibiting effect 
of sulfadiazine by using p aminobenzoic acid 

According to Sempio (1942), cadmium — used as Cd(NO0-’ — ^cts 
as a systemic fungicide against wheat mildew Meyer (1951) explains 
the effect of cadmium as an increase m sensitivity of epidermal cells 
of the host toward the pathogen 

Also antibiotics applied. systemicaUy to the plant can increase sensi 
tivity, at least as far as external symptoms are concerned The effect 
of streptomycin m pot ito and tomato against Phytophthora mfestans 
(Muller et al 1954) is explained by Voros ct al (1957) as a strepto 
rnycin mduced increase of polyphenolase activity But "the antibiotic 
was shown to be totally inactive when tried directly as a ‘substrate’ m 
the assay of polyphenolase activity’ tlius, the streptomycin effect must 
be an indirect one Chemolhenpy is discussed further in Chapter 15 
of this volume 

6 Effect of Irradiation 

Norell (1954) showed that UV irradiation lowers the resistance of 
potato tubers to Fusaniim species, whereby the marrow parenchyma 
responds bettei to treatment than the peripheral tissues X ray treatment 
of young wheat and oat plants decreases the sensitivity of intermediary 
interacting H/P complexes to Puccima graminis, it is unsuccessful m 
extremely susceptible or resistant hosts In postinfection treatment, on 
the other hind resistance of flax against Melampsora lint increases, but 
only seemingly because as Schwm^amer (1957) showed, the increase 
in resistance is based on direct damage to the pathogen by irradiation 

In retrospect, it can be said that the mechanism of HR, that is 
primarily determined by hereditary factors m the host as well as in 
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the pathogen is subject, withm certain limits, to changes m external 
conditions and to those of ontogenetic nature The influence that tem- 
perature exerts on tlie course of HU is especially mfoimative It not 
only determines the rale of interaction but also the ‘ biologic il balance” 
between the interacting partners Furtliermore, we have seen that the 
hvmg cell can “repair” inactivation of tlie HR mechanism caused by 
supramaximal temperatures This shows that the ability of the host to 
respond to tlie attack of a pathogen with HR is mseparably bound with 
a certain physiological condition of the cell of the host If we use the 
term '"FUcssglctchgawicht," ® borrowed from biochemistry, and cor 
respondmgly presume that the anabolic and catabolic processes are m 
equilibrium m the uninfected cell, HR can be interpreted as the result 
of a deviation of this equilibrium induced by tlie pathogen This devia 
tion would then be tlie cause for the premature death of both inter 
acting partners At any rate, this does not mean much as long as we 
don’t know more about die mode of action of metabolites of the pathogen 
that induce HR. and about die nature of the factor that prevents further 
growth of die padiogen m the hypersensitive tissues 


V Hypersensitivitv Reaction as an Immunological Problem 


The mam problem here is as follows What is the nature of the factor 
that brings about early death in the development of the pathogen in 
the parabiotic H/P complex? This question was raised earlier by Ward 
(1902a) Although he was unable to prove the existence of such a 
factor, he summarized his concept, mamly based on histological findings 
as follows The antagonism beUveen host and pathogen must be due to 
somethmg far more subtile than a mere soluble poison oozing from the 
cells ” 


Smee Ward’s day, this question has been discussed m many works 
and opinions about the antipathogenic principles differ widely Accord 
mg to many authors nutritional physiological factors which determme 
the suitability of host tissue as nutritional substrate for the pathogen, 
govern whether a typical pathogenic relationship occurs or not Other 
authors say that inhibition of the pathogen is due to preformed inhibitors 
Since the finely adjusted relationship behveen pathogen and host 
e g rust diseases, can be explained by neither supposition, not so much 
the absolute content of specific nutritional products or specific mhibitors 
but the relationship between these Irvo has been suggested as being 
involved m the establishment of a paAogenic relationship (see for 
example Garber 1956. Lewis, 19OT) Other authors have concluded. 


“ Identical with stalionaiy state 
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mainly on the basis of liistological findings, that postinfection chemical 
changes of tlie Iiost tissue hinder the normal development of tlie 
pathogen Finally, to reconcile the two seemingly contradictory liy- 
potheses it has been assumed lliat some snlistances diffuse from tlic 
pathogen that is dying because of lack of nutrition, into tlie cell of t!ic 
host and its surrounding, these substances elicit the physiological break- 
down of the host cell and thus cut the parasite off from its sources of 
nutrition 

A Lack of Nutritional or Growth Factors as Antipathogenic Principle? 

This assumption stems from the ihouglit that corresponding to the 
specialization of the pathogen on its host, there is a notable specificity 
m tlie nutritional requirements of the pathogen as well as in tlie chemical 
make up of the host Hereby, all H/P combinations involving necro- 
trophic pathogens are a priori cvcluded from consideration 

The simplest \s ay of investigating this tlicsis is to compare tlie pressed 
out juices of closely related hyper- and normosensitive hosts witli respect 
to their adequacy as nutritional substrates for Uie given patliogen All 
attempts of diis kind have failed until now Yet, many auUiors still adhere 
to the ‘nutritional hypothesis” The most important arguments for this 
are (1) Lack of success m all attempts to find an inhibitor in Uie hyper- 
sensitive host tliat IS absent m die normosensitive one — irrespective of 
whether it is preformed or is formed after infection, and (2) the obligate 
biotrophic character of the pathogen in question 

The structures of the specific proteins of the host, and their pre 
cursors, as well as of the carbohydrates have been invoked to explain 
the varied behavior of the host plant toward a certain pathogen or one 
of its races Leach (1919) and Wellensiek (1927) were determined fol- 
lowers of this hypothesis Fischer and Gaumann (1929) used it to 
explain the extreme specialization of physiologic races of a rust fungus 
for specific host types The specific structure of proteins was most often 
used as an example 

Gassner and Franke (1934) also felt this way, they found that m 
cereal rusts, the infection type increases with the protein content, under 
differentiated potassium and abundant nitrogen supplv Since, however, 
no correlation could be proven between varietal resistance and protein 
values, tliey postulated that qualitative differences within the existmg 
protein compounds are coordinated with the hypersensitivity connected 
with the individual H/P complex Finally, Johnson’s (1953) physio- 
logical interpretation of the action of the genes that control HR in cereal 
and flax rusts is also based on a purely nutritional concept According 
to him genes that control HR are “enzyme producers ’ and an individual 
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rust race could function as a pathogen only when it finds the enzymatic 
system needed for successful parasitism m the host This purely hypo- 
thetical concept, however, does not agree with the interpretation accord- 
mg to which the production of a certain enzyme is bound directly to the 
dommant allele of the gene. 

Attempts have also been made to find correlations between carbo- 
hydrate content (mamly of sugars) and varietal differences in hyper 
sensitivity. These attempts can be traced to Comes (1913) who claimed 
to have found a positive correlation between sugar content and suscepti 
bxhty (see also Pantanelli, 1921) Even with the use o£ modem methods 
for separation of various types of sugar (glucose, fructose, and maltose) 
no difference could be found m the sugar content among various reaction 
types of wheats and Puccinta triticina (Hassebrauk and Kaul, 1957) 

B Preformed Inhibitors as Antipathogemc Principles^ 

It IS quite natural that the demonstration of the preformed mhibitors 
as a cause of inhibition of pathogens m hypersensitive tissues can only 
be considered successful when the followmg presumptions are fulfilled 
(1) There should be no possibility that inhibitors separated from the 
host tissue are preparative artifacts, (2) it should be proven tliat the 
m VIVO concentration of the factor m question is suflScient to bring about 
death of the pathogen m a short time, (3) there should be a positive 
correlation between the in vivo concentration and the sensitivity degree 
that the host exhibits toward the given pathogen 

Smce It has been impossible yet to show that the preformed inhibitors 
meet these requirements (compare with Virtanen et al , 1956, Valle 
1957, and others) the followmg condensed survey of studies done on 
this problem should be sufficient 

1 Acid Content and Hydrogen Ion Concentration of the Host Tissue 
Comes (1913) was the first to suggest that acidity of the cell juicc 

plays an important role m the resistance of the plant to its potential 
pathogen His results, however could not be confirmed by later authors 
(eg, Hurd, 1924, Hursh, 1924, Newton et al, 1929) — not even when 
hydrogen ion concentration was used as measure of acidity 

Hassebrauk and Kaul (1957) studied the content of ascorbic, citric, 
oxalic and mahc acids in extracted juices of wheat species tliat behave 
differently toward Puccinta triticina No connections could be proven 
between acid content and resistance In wheats and Puccinta graminis. 
Pilgrim and Futrell (1957) achieved the same result for ascorbic acid 

2 Content of Phenolic Compounds m Tissue of the Host 

The thought that preformed toxins, particularly of phenolic com- 
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pounds, could cause inhibition of the parasite in liypcrscnsitnc tissues, 
found many followers, since Angcll et al (1930) proved in Allium cepa 
and Colletotncum circmatis that the relative resistance of brown shinned 
bulbs IS due to the antibiotic effect of phenolic compounds (proto- 
catechuic acid, catechol) that diffuse from the dead exterior scales into 
the surrounding area and thus protect the inner scales from attack by 
the pathogen Dufrenoy’s findings (see page 485) accoiding to winch 
there is an accumulation of phenolic compounds m infected tissues, also 
encouraged further search for preformed substances that h.iv" a toxic 
effect on fungal and bacterial palliogcns But tlic result of theso ntempts 
was disappomting Although considerable quantities of phenolic com 
pounds could be found m tlie living tissues, no significant differences 
could be obtained between the phenol content of liyper- and normo- 
sensitive hosts (see Newton and Anderson, 1929, Siebs, 1955, Cruick- 
shank and Swam, 1956, Scott ct al, 1957) Only m the case of wheat 
varieties resistant to Puccima triticma did the pressed out juice have a 
higher content of protocatechuic acid than the susceptible ones (fCargo 
polova, 1937) 

Notwithstanding these discouraging results, many auUiors still main- 
tain tliat preformed phenolic compounds somehow have a causal con- 
nection with HR Newton and Anderson (1929) and Scott ct (li (1957) 
suppose that in a parabiotic H/P complex activation of the phenolic 
compounds occurs after the mfection In eusymbiotic H/P complexes 
semi permeability of cells is maintained for some time, the phenolic 
compounds are therefore held back m the cell of the host and thus 
cannot be effective, m parabiotic combmations, on the other hand, they 
are "set free by the dying cells and they can then develop tlieir anti- 
pathogenic effect This bypotliesis actually presumes that the phenolic 
substances found m vitro are also present m vivo, in concentrations that 
are sufficient to stop tlie growth of the pathogen No quantitative analy- 
ses on this are available as yet 

3 Enzymatic Activity of the Host Tissue and Hypersensitivity 

Quite a number of workers (eg, Rubm and Arzichowskaja, 1948, 
Suchorukow, 1952, Rubin and Aksenova, 1957) tried to establish a corre 
lation between enzymatic equipment’ and immunological behavior of 
the plant Grechushnikov (1939), for instance, claimed to have found m 
potato varieties resistant to Phytophthora infestans that the activity of 
peroxidase is higher than in susceptible ones In using potato varieties 
resistant due to hypersensitivity, Kammeimann (1951) faded to find such 
a relation Hassebrauk and Kaul (1957) determined the content of 
cytoclirome oxidase, ascorbic acid oxidase, polyphenolase, and peroxidase 
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in wheat varieties hypersensitive to as many races of Puccmia grammis, 
P triticma, and P ghtmanim as possible “Michigan Amber/’ highly 
susceptible to all three types of rusts, was used as a control Moreover, 
plants of highly resistant varieties were treated witli enzyme poisons 
and compared with the untreated plants for fermentation activity The 
cytochrome O'cidase activity was found to be smaller in eusymbiotic 
H/P coinple\es than in the parabiotic ones, the opposite was true for 
the behavior of ascorbic acid oxidase and polyphenolase activity toward 
Puccmia triticina The autliors considered that plants reacting in a moie 
or less hypersensitive fashion are characterized by a ‘quicker metabolism ’ 
and tliat tlie content of ascorbic acid and phenols m the host plant is 
probably mvolved in determming the mfection type 

C Ht/persensitwitij Reaction as “Defense Mechantsni' Sensu Stricto 

The possibility last mentioned, leads to tlieories according to which 
a defense reaction is initiated by mfection which limits further growth 
of tile pathogen in hypersensitive tissues There are Uvo possibilities, 
a prion tlie pathogen is deprived of nutritional supplies by the above 
mentioned histological changes, or the activation or new buildup of 
one or more toxic prmciples is produced by the infection, and thus 
further penetration of the pathogen is stopped 

1 Postinfection Interruption of Nutritional Supply to the Pathogen as 

Antipathogenic Principle^ 

The former possibility was considered very early (Ward, 1902a, 
Marryat, 1907, Stakman, 1915) It is naturally only applicable to obligate 
biotrophic parasites and presupposes that (1) death, or at least damage, 
of the host cell occurs before death of the pathogen and (2) the path 
ogen releases some substances into the cell of the host that have a lethal 
effect on the cells of the hypersensitive host The former supposition can 
be proven (eg, Allen, 1927, Nussbaum and Keitt, 1938, Muller, 1953) 
Conclusive evidence for the premise rnentioned second is lacking, the 
proof of specific toxms leleased by the pathogen into the cell of the 
host, or the specific reaction of the host to these, cannot be proven as yet 

Another hypothesis that also presupposes the mamtenance of a hving 
state for the establishment of a normal pathogen relationship, comes 
from Gassner and Hassebrauk (1938) According to this hypothesis, 
eusymbiotic interactions between the cell of the host and the pathogen 
are based on a quantitative relationship between the toxins eliminated 
by the pathogen into the cell of the host and the neutrahzmg “anti 
to\ms ’ of the cell of the host Parabiotic interactions should consequently 
be ascribed to the inability of tlie cell of the host to mobilize antitoxins 
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and Borger, soon afterward estabbshed that in the same H/P combina 
tion, injection of potato tubers witli parabiotic races of the causative 
agent gives a local protection against attack by cusymbiotic races 
Johnston’s and Huffman’s (1958) experiments explored the existence 
of an antagonistic effect of rust fungi lu two Ihcir study points in the 
same direction if wheat leaves are covered with spores of Pucciiita 
coronata, a pathogen of oats, the germ tubes of the fungus penetrate 
into the host tissue but only elicit heavy flecking” there If the leaves 
are infected two days later with a virulent race of Puccima triticxna, the 
frequency of microscopically recognizable inticxna infections is strongly 
reduced, on the other hand, only necrosis occurs in the areas preinfected 
with P coronata (reaction type 1) Outside of the preinoculated area, 
reaction is normal (reaction type 4) Tlie writers leave open the question 
whether an effect of substances “produced by tlie latent mycelium of 
an organism (i e , Puccinta coronata) that was not able to establish itself 
parasitically,” is involved or only a purely mechanical blocking of the 
stomata through premfection Neither might occur, according to the 
results obtained with experiments on potatoes Most probably the inhibi 
tion of Puccmia triticina m the mesophyll is due to changes in chemical 
constituents after infection with the parabiotic partner 

c Demonstration of Interaction Products with Antibiotic Effect 
Demonstration of such substances succeeded under adequate experi 
mental conditions in combinations, Phaseolus vulgans (inner epidermis 
of seed cavities) and Phytophthora infestans, and Ph vulgaris and 
Sclerotinia fructicola, that mteract “m a hypersensitive fashion” (Muller, 
1956, see also pp 477-478) In three other hosts {Capsicum annuum, 
Pisum sativum, and Vicia faba), the same result was achieved aftei 
infectioti with, the above mentioned pathogens (Mullet, 1958a) It was 
also shown that development of the antibiotic principle occurs a few 
hours after infection in parabiotically reacting tissues Under the experi- 
mental conditions used the effective principle is developed and diffuses 
from the site of interaction in quantities a thousand times greater than 
necessary for preventmg fungal growth at the focus of infection 

The specificity of the effective principle ( phyto a lexin ) is small For 
instance, it is effective against Uromyces trifoht or Colletotnchwixlinde 
muthtanum It passes through semipermeable membranes (eg, Cello 
phane) which points to a relatively small molecular weight, it has 
properties that characterize it as a “hydrophilic lipid ” It is effective 
\yi^n a pH range of 4 0 to 7 5 Its antibiotic effectiveness is not mflu 
enced by the presence of substances that could serve tn vwo as nutri 
tional substances for the pathogen Tlie output capacity increases with ~ 
^reasmg a ge of tlie hos t tiss ue This recalls t he fact that ol der plank 
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are usually more sensitive than young plants (“age resistance”) The 
phytoalexuws most ly adsorbed b y the parasitizej^liTanJluHOunding 
Tissue"TIiis mjght especi ally conclusive f or the understanding of the 
HR mechanism Because, ifthe phytoalexm is not fixed, larger and larger 
quantities would flow into die surroundmg tissue, and the concentration 
of phytoalexm critical for the pathogen would be attained much later 
or not at all at the focus of mfection 

As mentioned previously (see page 491), shortterm treatment of 
tissue of the host with high, but not lethal, temperatures leads to a 
temporary blocking of HR As expected, it was found that the temporar 
ily “desensitized” tissues are mcapable of responding to the mfechon 
with production of phytoalexm When, however, the host tissue regains 
its original sensitivity, phytoalexm elimination also becomes normal 
(Jerome and Muller, 1958) 

The question is whether those results can be applied to H/P com 
binations when an obligate biotrophic parasite is involved Even though 
much seems in favor of this concept, a generalization of findmgs obtamed 
by Muller (1956, 1958a) m “unnatural’ H/P combinations is not yet 
permissible In the case of obligate parasitism, one should take into 
account the possibility that specific nutritional or growth substances 
essential for the life of the parasite, may be of greater significance for 
the mitiation of HR 

VI PnoBLERf Of “Acquired Immunity” 

The concept of “acquired immunity” is, like that of hypersensitivity, 
borrowed from human pathology It is based on the experience that a 
host once cured of disease has a more or less prolonged defensive pro 
tection against a second mfection Contrary to this “acquired ’ immunity, 

IS considered ‘inherent” (“natural” or “congenital”) immunity, cinractcr 
ized by the fact that it is inherent m the organism from the begmning 
of its development When it was proven m animals at the turn of this 
century, that the “condition” of acquired immunity is associated with the 
existence of specific circulating “antibodies” in the blood, attempts were 
made to prove a similar defense mechanism m plants Based on experi 
ences m mammals, attempts were made to reach that goal m two \vays 
First, to demonstrate that the resistance of the plant is increased h> 
preinfection with “attenuated” strains or by “vaccination” with metabolic 
products of the homologous causative agent Second, lysm , precipitin , 
or agglutinin like bodies that protect the plant from attack of a potential 
parasite were searched for Of secondary significance was the question 
whether preformed or postinfcctionally obtamed specific “antibodies,” 
ire involved as m animal patliology 



504 


K o. Muixm 


111 tlie following attempt to summarize the result of these efforts, all 
resistance changes should be excluded that can be obtained by systemic 
application of chcmotlicrapcutics, eg, sulfonamides or antibiotics, or 
by manipulation of external circumstances By definition tlicv do not 
belong into the category of “acquired* immunity On the other hand, 
this concept should not be taken too literally Thus, it would not be 
right to exclude from the following considerations all cases m which 
immunization of the whole plant fails to be evident This is even less 
indicated because research m animal patliology only recently began to 
pay more attention to the phenomenon of locally acquired immunity and 
to material changes of tlie host tissue that are limited to the infection 
focus Also, the existence of acquired immunity should not be linked 
with the postmfection appearance of specific “antibodies ’’ In animals, 
they only make the pathogen more susceptible toward the resistance 
mechanism linked to the diseased tissue The interpretation of animal 
pathologists predominantly tends toward the conclusion tliat the tissue 
defense reactions of the immune and non immunized animal arc quali- 
tatively similar and that after acquisition of the immune state the exist 
ing reactions appear more rapidly and heightened witli greater intensity 
No new reactions appear (Miles and Wilson, 1950). 

No survey of the subject acquired immunity in plants can be given 
within the framework of this article Chesters (1933) and Vavilow’s 
(1935) summary of the problem and the literature cited by Gaumann 
(1951) and Hess (1949) provide a basic bibliography. A few strategically 
important papers are reported as follows 

The first attempts to prove the existence of ‘acquired immunity” 
withm the plant kmgdom stem from the French scientists Beauvene 
(1901) and Ray (1901) They reported success m obtaining an increased 
resistance m their experimental plants through inoculation of the soil 
with, or by direct application of, avirulent strains of the disease-produc- 
ing agents in question • However, the mterpretation of these experi- 
mental findings as a proposed working hypothesis was accepted with 
considerable skepticism by many phytopathologists Tins was due, on 
the one hand, to lack of precision of the published results, and on the 
other to the fact tliat the results of both authors as well as of later 
authors could not be corroborated Finally, it was simply denied, from 
purely theoretical considerations that the plant has the ability to “acquire” 
resistance The mam arguments were lack of a circulation system 
correspondmg to blood circulation of animals and the unsuccessful 
attempts of other scientists to prove die presence of antibodies in 

• Other vaccines ’too eg, killed cultures or mycelial extracts, were used by 
these and later authors 
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resistant or immunized plants that could be compared to the classic 
antibodies of animals ( Silberschmidt, 1932, Carbone, 1936) 

If we exclude from our observations all studies that do not have 
unequivocal results, or whose results could not be confirmed by later 
authors, the general interpretation pomts to the fact that plants cannot 
respond to mfection with constitutional changes that protect the whole 
body agamst a second infection Altliough it was established that a 
reduchon of attack rate or severity of disease can be effected by pre 
treatment of germmatmg seeds or young plants with culture filtrates or 
other Vaccmes" (eg, Nobecourt, 1927, Carbone, 1934), it was mostly 
not ascertamed whether the immunization effect was caused by changes 
m the reaction potential or purely by a decrease m infection rate per 
unit of plant surface exposed to the pathogen The results obtamed by 
Zoja (1925) and Hess (1949) in barley or wheat and Helmmthosporium 
sativum are very conclusive bodi authors were able to achieve a clear 
reduction of disease attack m young plants that have been transplanted 
into the open after the seeds were cultured on a substrate to which 
ground mycelium of the disease producmg agent was added as a vac 
cine ” However, Hess showed that the young plants suffer greatly under 
vaccmation (poor development of roots, slower growth in comparison 
to controls), also, the same immunological effect could be achieved when 
young plants are cultured m highly concentrated nutritional solutions 
to which no ground Helmmthosporium mycelium was added Hess to 
whom we are indebted for the most critical studies of this problem 
leaves the question open whether the vaccination results obtained by 
him and Zoja can be actually considered an immunization of plants in 
the true sense of the word They could also be the result of an unspecific 
displacement of the reaction potential that corresponds to what we can 
for mstance, observe after treatment of plants with antibiotics etc 
Where resistance is increased locally the situation is clearer As 
previously mentioned the attacked tissue becomes more inhospitable for 
the parasite m parabiotic H/P complexes The range of mhospitahty 
produced by the primary infection is most significant However Ber 
nards (1909) studies m Loroglossum seedlmgs and Rhizoctonia repens 
and Rh lanuginosa, as well as tJie studies of Muller and Borger (2940) 
m potato tubers and Phytophthora mfestans showed that the range does 
not exceed a relatively limited number of cell layers around the necrotic 
tissue On the other hand, Gaumann et al (1950) demonstrated the anti 
bioticilly effective substance, produced by RJiizoctonia repens metab 
ohtes m orcliid bulbs, even at a distance of 20 mm from tlie tissue 
complex that had been imder direct mfluence of die parasites metab 
ohtes This pomts to the fact that some secretion product of Rh repens 
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diffuses further into the tissue of tlie host and induces the formation of 
the antibiotically effective substance 

The Pyrus communis and Vtscuvi album case slioukl be mentioned 
as an outstanding example of “sensitization at a distance (Ilcinrichei, 
1929, Paine, 1950, Gaumann, 1956) In the pear species “William 
Christ,” that is characterized by an inherent lability, sensitivity of the 
trees mcreases under consecutive yearly infections with mistletoe, this 
means that the tendency to react to new mfcctions witli necrosis and to 
cut off the penetrating mistletoe seedlings from the remaining tissue rises 
But this sensitization goes no further than the infected branch of the 
tree Thus, here too, in tins extreme case, the host cannot acquire im- 
munity as a whole 

This evident mability of the plant to acquire ‘humoral” immunity, 
prompted many authors to feel that immunological effectiveness of the 
plant IS limited to the "inherent” immunity type This thesis, however, 
can be applied only to cases where freedom from attack would depend 
on the presence of preformed resistance factors In the case of resistance 
due to hypersensitivity the thesis misses the point In this case immunity 
itself IS basically not “inherent” Only the reaction potential is inherent 
This enables the plant to localize the disease-producing agent at the 
infection foens fn other words only the ability to achieve resistance 
at the infection site, and at this site alone, is inherited, not the resistant 
state itself The state of resistance is acquired only when the plant comes 
m contact with the causative agent Then the mechanism becomes 
operative which changes the tissue parts, attacked by the parasite, from 
an ‘indifferent’ into a “resistant” state 


VII Epilogue 

An attempt was made above to survey the present status of our 
knowledge on the essence and mechanism of HR Such an attempt neces- 
sarily must leave a feeling of dissatisfaction behind it This is tme 
because the accumulated experiences are not sufficient to correlate them 
logically with an acceptable theory of hypersensitivity But our knowl- 
edge is sufficient to present a hypothetical picture that brmgs us closer 
to an understanding of what we consider to be a hypersensitivity reac 
tion Let us proceed from the following arguments 

1 HR IS a process in which the pathogen is just as actively involved 
as the host 

2 As in every living process, the course and clinical result of HR is 
controlled by a whole senes of various factors 

3 As already recognized by Ward, the interaction ending in the 
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death of both partners cannot be explained on a completely nutritional 
physiological basis 

4 On the otlier hand, it has been possible to show, under greatly 
simplified experimental conditions, that a substance toxic for the path 
ogen is eliminated after mfection 

5 The formation of this substance is correlated, in space and time, 
with the physiological breakdown of the cell of the host as icell as of 
the pathogen 

6 The HR system can be inactivated temporarily by manipulation 
of external circumstances, simultaneously, the tissue loses its ability 
to respond to mfection with production of an antipathogemc substance 

These findings do not leave any doubt that the postmfection forma 
tion of such a substance, at least in cases studied up to now is the 
direct reason for the antipathogemc character of HR Thus, HR can be 
considered a defense reaction sensu stncio 

Whether we call this defensive principle antibody or somethmg else, 
IS a question of terminology The writer prefers the term phytoalexin, so 
that confusion with the classic antibodies of animals is avoided Such a 
termmological demarcation is even more strongly mdicated since phy 
toalexin is a defense principle directly aimed against the pathogen 

What then is the nature of the system that we can hold responsible 
for the postmfection formation of phytoalexms^ We have to rely here 
mainly on suppositions But much evidence points to the fact that HR 
IS an enzymatic interaction in which reactants are involved that are 
supplied by the cell of the host as well as by tlie pathogen The fact 
that the mechanism underlying HR is very sensitive to narcotics and 
< enzyme inhibitors is a strong argument in favor of this concept Also 
genetic arguments favor such a concept According to the present con 
cept, the genes — represented by their dominant alleles — have an enzyme 
producing function Our hypothesis agrees with this idea because the 
genes that control resistance of tlie host or avirulence of the pathogen 
have been proven mostly to be dominant Consequently, the gene for- 
gene system drafted by Flor (1955) and others and expressed m physio- 
logical terms represents a reactant-for reactant system 

At first, this conclusion seems to disagree with tlie fact that antibiotic 
effectiveness of the heretofore proven phytoalexms is nonspecific This 
only appears to be a dilemma Actually, the specific alternative is not 
liypersensitivitv, but normosensitivity This is seen clearly when ue 
transfer parasites such as Pliytophthora tnfestans into wrong host plants 
(e g Muller, 1950) Then it is found that ‘h>perscnsitivity” not “normo 
sensitivity” represents the norm TTic fact that normoscnsitive behavior 
IS considered the rule is purely because wc recognize the CMstcncc of a 
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pathogen only when it goes astray onto a normosensitivc Iiost Tlie un- 
successful attempts of the pithogcn to take hold on a hypersensitive 
host plant escape our notice under natural conditions 

Resistance due to hypersensitivity was explained differently as tlie 
result of a phylogenetic adjustment process of the liost plant to its sur- 
rounding parasitic flora This thought presupposes that the respective 
plant type or its phylogenetic ancestors were m ducct contact with tlic 
potential disease-producing agent foi a longci period of time Upon 
closer examination, such a theory proves faulty, at least within this con- 
text Thus, plants that can be found naturally only in the and climate 
areas of Australia (eg, Crytlmna vcspcrtihn Bcnth , Chnntlitis formosus 
Ford et Vick and Cess'ia stnrtu Rlir ), proved to be hypersensitive to 
Phytophtliora infestans, a pathogen restricted to humid climates In this 
case, the ability to respond to the attack of tlie pathogen with IIR, can- 
not possiblv be the result of an “adaptation process ” Another important 
argument the center of Phytophtliora tnfesfons should be searched for, 
according to the latest studies, m the southern part of the North Amer- 
ican continent Hypersensitivity should thus undoubtedly be considered 
a phylogenetically original situation In the process of mutual adjust- 
ment, above all only the parasite is the active (le, through mutation 
and recombination), the adapting partner, the host has only the passive 
role of a selection sieve On the other hand, once the pathogen has taken 
hold on the new noimosensilivc, host, a second selective process 
counteracting the first one begins m which the hypersensitivity of the 
host plant represents the positive selection mark Of course, as un- 
fortunately the experiences of plant breeders have shown, in the long 
run the pathogen is always the superior partner because of its greatero 
multiplying frequency as compared to that of the host 

The mechanism underlymg HR deserves the interest of the biologists 
even beyond the purely pathological Why, we may ask, are so manv 
microorganisms incapable of utilizing and destroying ‘ tender” tissue 
such as that of a carrot root even though they thrive richly on all sorts 
of artificial nutritional media and are characterized by low susceptibility 
to toxic substances of a higlier plant^* This question seems trivial, since 
we are accustomed to calling such organisms saprophytes m contrast to 
the ‘ true ’ parasites But the question appears in a different light when 
we think of the fact that according to the simple nutrition inhibition 
concept such an organism should be more virulent than a pathogen 
which can be cultivated only on special nutritional media oi even only 
on a living host To explain this situation by attributing the pathogenic 
mability of a saprophyte to the “natuial’ resistance of a living host tissue 
would be the same as an attempt to explain daylight by saying the sun 
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is shining. Such a statement makes sense only when we can say what 
the resistance of the living host tissue is based upon. We have seen that 
the number of microorganisms wliich can penetrate into the tissue of a 
given host plant without producmg the above described HR is negligibly 
small m comparison with the number of potential pathogens. This fact 
suggests that a pathogenic relationship can be established only when HR 
is not released by the infection. We should postulate such a mechanism 
for each normal living tissue. Noll’s (1949) studies on the behavior of 
wheat leaves toward Penicillium glaucum, a common saprophyte mdi- 
cate that this thought might not be too misleading — namely, when the 
wheat leaves are exposed to a temperature of 50° C. for 30 to 50 seconds, 
the fungus can penetrate into the leaf tissue and there elicit a local 
decay. After a certain period of time, the leaf regains its resistance, 
i.e., the fungus stops its growth again. But, at the same time histological 
changes occur in the immediate vicinity of the tissue areas occupied by 
the fungus, which have much in common with those that are observed 
after a leaf is infected with a parabiotic rust race. Isn’t perh&ps the 
defense mechanism functioning here that we have postulated as the 
classic hypersensitivity reaction? This question has not been answered 
as yet with certainty. Only more experimental work can give an answer 
to it. 
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I Introduction 

Here in Volume I \^slnn discuss the ph>sical and chemical tlicrapv 
of the diseased plant 'Uie treatment of the diseased plant is an mill 
vidual not the plant as a member of t population We shall consider 
the plant as a “p itienl” not xs i public hea lth charg e 
5G3 
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/Protection is auned at the healthy plant Therapy _is aiinet^ at_ the 
diseased plant Protection is aimed at the pathogen as^ it hyes.and nioves 
betvveen hosts Therapy is aimed at the pathogen after it has arrived in 
and iias established housekeeping in the host. Therapy is the cure of a 
sick plant, the mitigation of its symptoms, or the repair of the damage 
whether the pathogen be animate or inanimate / 

The practicing plant doctoi is mterminably being presented with 
sick plants, singly or en masse He usually gives the disease a name on 
the basis of symptoms, identifies the fungus on the basis of its struc 
lures present, and suggests a preventive measure The grower too often 
still has a diseased plant and a confused mind, with the one clear, happy 
thought that he paid no fee — at least directly 

In the literature written for the advice of growers 50 years ago, 
‘cure” of plant diseases meant to ‘get ahead of the enemy ’ The reader 
was told that internal fungi, when once they are established, must be 
treated by removal and burning of diseased parts This is common 
advice today, though mortal for the suffering plant As our knowledge 
of the biochemical nature and mechanisms of disease increases, there is 
more concern that the plant patient hves The next decade or two should 
see a ‘break through” in the therapy of the diseased plant. 

This phase of plant pathology is still in the adolescent stage The 
framework is outlined, but the ideas and applications that are necessary 
to reach full maturity are appearing here and there m the writings of 
many men An attempt has been made to encompass and clarify today s 
concepts on plant therapy with the hope tliat progress can advance 
faster m this important field 

A plant is today thought of as a dynamic entity maintained m health 
by a correlated senes of mterdependent metabolic processes Animate 
or inanimate factors may disturb the usual functional pattern and result 
in developmental changes Therapy remo\ es tlie cause of disease so that 
the normal mechanism of living can run smootlily 

Combating the causal agent after it has injured the plant is a form 
of disease control labeled by some as “disinfection " However, the con- 
cept should mclude not only tlie neutralizing or stoppmg of the injurious 
stunulus, but also the repair of the cellular damage done Hence, the 
subject matter concerns the pathogen-host interactions during the time 
interval between infection and death of the plant or its organs— a life- 
savmg action Knowledge of lire patliogen-host relationship must answer 
many questions before effective therapy can be carried out Usually the 
extensiveness of tlie infection is first thought of in order to make use of 
physical means of therapy aimed at confining the zone of injury 
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II Physical Therapy 

Two courses ire open for the therapy of plant diseases physical 
therapy and chemotherapy In the former the disease is fought with 
physical means, such as surgery, temperature modification radiation 
and moisture modification In the latter the disease is fought with 
chemicils that act topically or systemically 

A Surgery 

Surgery is the removal of infected tissues to prevent additional dam 
i ge S ometimes the plahts*themselves are able to stop further mjury by 
sheddmg~ iiseased structures The— shot hole symptom m leaves of 
cherry~ind‘~pbplar is familiar to pathologists Similarly leaf cast may 
av^ infection of the twigs petal fall may avoid involvement of the 
fruit '^d fruit drop the mvolvement of the spur or stem Self therapy 
is'’arcomplished by tlie shedding of infected bark where the growth of 
su ^nzedj issues- exceeds the rate of penetration of the pathogen through 
the cortex While expressed physically the underlying mechanism is 
biocliemical 

An unusual therapeutic measure has been proposed for the American 
leaf spot ( Ojo de gallo ) of coffee by Wellman (1950) Gemmae of 
Mycena (Omphaha) citricolor serve as the moculum and are too heavy 
to be borne by air currents requu-ing dissemination by splashing ram 
Hence complete defoliation of the diseased trees rids them of the 
fungus 

A chemical pruning may be effective for ridding tomato plants of 
the root knot nematode While evaluating the nematocidal activity of 
Hcpper •arid 

treatment of the soil with p chlorophenyl rhodanme around young in 
fected tomato plants they grew normally Careful exammation revealed 
that the infected roots were killed but the plants formed a new root 
system free of nematodes 

Man uses in many forms the principle of mechanical excision of 
diseased parts as a means of therapy Removal of localized knots on 
plums and cherries and galls on olives and roses are among the more 
common examples The systemic wilts are sometimes checked by prunmg 
infected roots or infected branches Cutting off branches of pear trees 
several inches below the zone of visible fire blight symptoms is practiced 
to halt further invasion by the causal bacteria We have found that 
removal of the fruits and succulent cane tips of rose bushes stops the 
advance of Botrytis do'vnward through the pith into the croun The 
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bark over diseased areas in tree trunks and branches is removed to 
permit a drier environment unfavorable to the pathogen, e g , slime flux 
For a similar purpose, bark is excised from diseased areas in the exposed 
mam roots and crown of walnuts and chestnuts. Sometimes it is done 
to permit better contact of toxicant with the pathogen Bark tracing or 
removal has been used to check bleedmg canker of hardwoods and 
stripe canker of Cinchona However, the causal Phytophthora spp re- 
main m the roots and may grow upward to kill new sections of the 
cambium and adjacent living cells 

B Temperature Modification 

A well known measure for freeing plants of pests is based upon the 
diSerential heat inactivation of the pathogen in, or on, the host Gen- 
erally the extent of the injury depends upon the physical state of the 
respective protoplasm, the degree of hydration or solation* The com 
position of the protoplasm and the containing membranes also affects 
the action When possible, the life activities of the microorganism to be 
eliminated are stimulated and the host is maintained dehydrated and/or 
dormant 

Occasionally, the curing of diseased plants by growing at above 
normal temperatures is reported Bnerley and Smith (1957) observed 
that White Wonder and Dynamo chrysanthemum plants infected with 
the flower distortion virus, when grown in a greenhouse maintained at 
35® C for 2 to 3 months, produced tip scions free of the virus Heat 
therapy of viruses is considered in detail by Matthews in Chapter 12 
of Volume H ^ 

Hot water*' immersion, with or without antiseptics in solution, has 
been used to free crucifer seed of viable black rot bacteria, strawberry 
plants of virus, and bulbs and rhizomes of nematodes The diffeiential 
m heat resistance of host and pathogen may be explained on the basis 
of the heat stability of their respective enzymes The thermal growth 
range of organisms reflects the thermal stability of their cellular proteins 
Tliesc m turn are affected hv the cell water content and the physical and 
chemical state of the cell components 


C Radiation 

Ultr^ iolct radiation is often proposed as a means of plant disease 
therapy 'The researches of Fulton and Coblentz (1929) sum up its 
adv intages and limitations Tlic shorter wavelengths (about 240 m/x) 
evert the greatest germicidal action, which decreases with wavelength 
unUl about 365 m;i which is an upper limit The abiotic effect vanes with 
the time of exposure and the intensity of the light TIic principal limita- 
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tion seems to be the inability of the ultraviolet rays to penetrate suffi 
ciently beneath the surface to destroy the thalli of pathogens 

Infrared energy has been exploited for killing microbes m foodstuffs 
and materiel, but seemingly is not sufficiently selective to be used m 
plant therapy Instances where exposure of plants to the visible light 
spectrum (313 m/x and longer) has suppressed disease, leave in question 
whether a direct lethal effect, or the mdirect change, is responsible 
Ultrasonic inactivation of microorganisms in and on mammate sub- 
strates has been sho^vn, but reduction to practice on living plants is, as 
vet, not practical 

The therapeutic value of radioactivity as iveJI as its harmful effects 
on animals are well known Solutions and powders contaming alpha 
particles were distributed for test on plant diseases by one manufacturer, 
but no beneficial therapy was evident against Dutch elm disease in our 
tests Beta and gamma radiation exert potent stimulatory and lethal 
action on cell protoplasts but, as >et, nonselectivity, cost, and danger to 
the user militate against their use in plant therapy 
^ Scientists of the U S Department of Agriculture, according to a 
I recent news release, had hoped that nursery stock and other agricultural 
I products could be freed of plant-pathogenic nematodes by exposing 
tliem to ionizing radiation The golden nematode of potato (Heterodera 
rostochiensis) can withstand radiation up to 20000 roentgens before the 
females are stecihzed and 120000 roentgens or more ire required for 
comnlete killing Man is a ‘softie” by comparison since a mere 300 to 
650 roentgens are fatal Other nematodes require between 350 000 and 
640 000 roentgens for a lethal dose So there is little hope that radiation 
can be used for killing nematodes in living plants because nematode 
killing doses of radiation also injure plants 

^ The possibility of using ionizing radiation as a therapeutic agent 
I for a bacterial disease has been explored Crown gall caused b\ Agro 
jbaefenum tumcfacicns is suppressed bv irradiating the inoculated plint 
\nith X rays (Waggoner and Dimond J952)^Irradjatjnn usually docs not 
kill the pathogen but rather destroys the auxin svstem of the plant so 
that it IS unable to respond by gall formaliory Thus maleic Indrazidc 
which also prevents growth of the plant inhibits gall formation in 
moculated tomato plants (Waggoner and Dimond 19>5)/GcncralI\, tlie 
susceptibility of a fungus pathogen to ionizing radiation is much lower 
than that of the host Waggoner and Dimond (1952 1956 1957) Iiavc 
studied these interrelations together with the clnnges in resistance to 
disease undergone In tomato plants on exposure to X and iramma 
ndiation when plants are then inoculated with rtisanum ovistionnti 
f hjcopcrsici Tlic plants were killed with lower dosts than the fungus 
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Generally speaking, the effect of radiation treatment on susceptibility 
of the plant is related to the effect of irradiation on the auxin system 
Potato tubers, irradiated to delay sproutmg are more subject than 
control tubers to rotting by Erwtnta atrosepttca and E carotovora be- 
cause the treatment delays or prevents periderm formation (Waggoner, 
1955) 

D Moisture Modification 

Intercellular humidity is a factor concerned with disease m a large 
number of plants This is most likely where the pathogens are primarily 
intercellular invader^ Hence, the extent of spread of such diseases withm 
a plant, may be limited, when controllable, by the amount of moisture 
made available m the environment This effect of intercellular humidity 
was demonstrated by Shaw (1935) to exert a definite influence on the 
degree of fire blight susceptibility m plants of pear and apple Data 
indicate, that when 99 5-100% intercellular humidity occurs, maximum 
host damage results Conversely, when a turgor deficit, or intercellular 
humidities of 96% or less obtain, no disease develop^ This idea has been 
validated by Clayton (1937) with another bacterial disease, blackfire 
of tobacco i 

The modification of the moisture oxygen content of woody stems 
acts m the therapy of VerticiUmm-miected maple trees by mitigating 
the symptoms (Caroselli, 1957)y Caroselh’s data indicate that the 
degree of injury caused by the fungus is dependent upon the relative 
amount of moisture and air within the tissues of the tree When the tree 
IS m full foliage the water content is least and the air content greatest 
Presumably, the additional oxygen favors growth of the systemic fungus 
so that the wilt symptoms are exhibited after the next ram 

A modern, large scale commercial application of this measure is the 
“vacuum cooling ’ of lettuce and other food crops The plants are exposed 
to a partial vacuum This converts the interior liquid water films to 
intercellular water vapor which is then withdrawn from the plant struc 
ture This vaporization cools and dries the intercellular spaces Although 
thought of as prophylaxis by cooling a sufficient mtercellular drying 
results to retard the development of bacterial soft rot and other diseases 
Thus, Shaw’s (1935) hypothesis is reduced to commercial practice 
Intracellular moisture may be manipulated in plants to minimize the 
extent of disease Powdery mildew diseases are prevalent m sites where 
t water deficits due to transpiration exceeding absorption often occur daily 
1 or for short periods A possible explanation is that the haustorn of the 
extromatncal m>cehum are unable to mvaginate protoplasts exerting a 
positive pressure Thus, by consistently making adequate water available 
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and reducing water loss by one of several means, the spread of mildew 
can be checked ^ 

A further example of moisture modification and attendant disease 
damage is tlie case of golf-green turf and Curvtilaria bhght Tins may 
be as much prevention as therapy. On hot, mid-summer afternoons, the 
close cut grass (i/4-inch) wilts due to a water deficit m the leaf blades 
This predisposes them to attack by the fungus, which is a common black 
mold growmg on turf debris Mamtammg the turgidity and vigor of 
the leaf cells by applying a light watering in early aitemoon appears 
to check the advance of the facultative parasite mto the healthy tissues 
Endoxerosis or mtemal dechne of lemon fruit was found by Bartholo 
mew (1928) to be caused by exposure of the trees to high temperatures 
with consequent rapid leaf transpiration when relative humidity of the 
surrounding air is low Water is lost from the leaves and m turn with- 
drawn from the fruit to the point where cellular damage and gum forma- 
tion occurs Endoxerosis is most prevalent when growth activities are 
greatest Hence, therapy is aimed at mamtammg an intermediate rate 
of growtli by manipulation of contnbuting environmental factors Blos- 
som end rot of tomatoes is a similar disease Likewise, any practice 
which tends to conserve moisture and provide a uniform supply to the 
foliage and fruit reduces losses 

Aging celery seed for 3 years often results m ‘die out” of Septona 
This may weii be due to Che drymg of the seed 

III Topical Chemotherapy 

Chemotherapy is one of the excihng new frontiers of plant pathology 
Chemotherapy may be topical or systemic 

Ever smce Prevost (1807) treated wheat seed with copper sulfate, 
research on chemical protection of plants agamst invasion has been 
going on Success has been nothmg short of fantastic We have had 
Bordeaux mixture, wettable sulfur, ‘fixed” copper fungicides, cliloranil, 
ferbam, nabam, zineb, diclilone, glyodm, captan The list lengthens 
daily Tlieses have been written, reputations made Similarly, we have 
pursued the microbes in tlie soil with formaldehyde, carbon disulfide, 
chloropicrm, ethylene dibromide, and 1,2 dibromo 3 chloropropane This 
list IS shorter, but it lengthens, too Thus, we have protected our crops 
Tlius, we have killed the microbial pathogens during tlie inocuhtion 
stage The contribution of all of these to tlic science and the art of plant 
pathology will be treated m Volumes 11 and III 

Durmg all tins time, we ba\e neglected internal therapy. Chemo- 
therapy now gives us hope in the attack on diseases where chemic.iI 
protection has failed or is impracticil Most of the modem research is 
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aimed at vascular fungus diseases, at virus diseases, or at bacterial dis- 
eases Few of these have receded before the onslaught of protectants 
Perhaps, they will yield to chemotherapyl 

Several general and specific discussions on the chemotheiapy of 
plant disease have appeared dunng the past decade The potentialities 
have been covered by Stoddard and Dimond (1949), Crowdy (1952), 
and Brian (1952a, b) 

A compound that mitiates a curative or mitigating effect, either 
fdirectly or indirectly, is termed a “chemotherapeutant ” Perhaps an ion 
\ or an atom may as well be the active agent as a compound The pathogen 
I may mjure only surface cells or a localized area of tissue On the other 
V) hand, it may systemically injure the entire plant or any major part 
] thereof Treatment of the former is topical chemotherapy Treatment of 
\the latter is systemic chemotherapy 

Therapy will advance as we learn how “toxins” act, whether by 
destroying tissues or by inhibitmg or stimulating essential metabolic 
functions A key point is the initial reaction that takes place between 
the invading organism and the host tissue Such knowledge would per- 
mit defining more accurately the specific cellular functions disturbed 
during the infection period, and would perhaps suggest a therapeutic 
measure, how to selectively neutralize the pathogen or its metabolic 
products withm the tissues of the host 

Chemotherapy has contributed iti part to the subtle realization that 
only minute concentrations of some chemicals are required to kill fungi 
and stop disease m plants Painstaking laboratory techniques and the use 
of the log-probabihty curve as a device for estimating the microbial 
and plant toxicity of compounds have also contributed their part in 
changing our ideas of biological activity from pounds pet hundred 
gallons of water to parts per million 

A Therapeutic Index 

Ehrlich of salvarsan fame was surely the founder of chemotherapy as 
a direct killmg action He emphasized very strongly, indeed, the prin 
ciple of the chemotherapeutic mdex, namely, that the dose of the drug 
needed to kill the pathogen must be below that to kill the patient The 
wider tlie ratio the bigger the mdex and the safer the treatment In 
the plant pathologists jargon, the chemical must not be seriously phyto- 
loxic Tins principle dictates the screenmg techniques to be used and 
phytotoxicity tests must come early in tlie procedure 

The literature on the inner tlierapy of plants has been summarized 
by 'Imler (ID’6) In addition to his own experimentation, tliero is 
assembled an orderly, comprehensive account of other investigations on 
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internal plant therapy before 1926 He repeats tlie idea that therapy 
IS direct control, particularly useful for Jiving endopathogemc and mam 
mate causal agents He ev aluate s chemotherapeutants according to a 
Therapeutic_Index,— wluch-represents the curative dose divided by 
theTolerated dose (I = c/t) Factors affectmg die curative dose are 
pointed out as (a) kind and 'condition of die therapeutant, (b) duration 
of absorption period, (c) desired degree of saturation, and (d) local 
conditions, i e , tune of year, temperature, air movement, relative 
humidity, and cloudiness Factors affectmg the tolerated dose by the 
pathogen (le, land, state of development) and by the plant (le, fam 
ily, morphology, volume, stage of development) are diouglit of in 
r elatio n tp_A^ strength of die outbreak, the kind ofTnfestation and 
the site of die dise^e 

The topical application of medicaments to surface lesions m order 
to reduce mfection has been practiced for centuries, even though they 
have been only dung, urea, lime, sulfur, or charcoal The caustic action 
of lime sulfiK was found to bum out the seals fungus (Venfuna 
maegualis) ^n apple leaves, but often it injured the plant tissue also 
Perhaps the lar gest commercial success of such therapy is the cure of 
apple sca l^ wi dx-water soluble orgamc mercurials, mtroduced as phenyl 
mercufy triethanol ammonium lactate ( Puratize ) by Howard and 
Sorrell (1943) 

Another commercial success is the curing of cereal seed invaded by 
the smut fungus (Tisdale and Cannon, 1929) Success has been reported 
for the . cure of cedar rust by Strong and CatiOn (1940) with sodium 
dmitrocresylate Ark (1941) successfully treated bacterial crown gall 
widr'the same chemical Therapy by the surface treatment of tree 
branches witlTchemicals that permeate the bark has been practiced for 
many years A zinc chloride glycerme alcohol preparation has been used 
m California for the control of bacterial blight of pear Coal tar oils are 
applied^ m Poland to check brown rot (Scleroimia spp ) cankers on stone 
fruit~Uees ' 

Vegetative parts of plants used for propagation are commonly dipped 
or soaked in solutions of antimicrobial agents to nd tliem of established 
pathogens An example once widely used is the treatment of seed potato 
tubers by immersion in solutions of formalin or mercuric chloride While 
fairly effective as a curative measure, the phytotoxicity is high and the 
general presence of Rluzoctonia sp and/or Strcptomijces scabies m 
fertile soils mihtates against its use 

The seeds of many plants (Chen, 1920) are infected internally with 
bactena or fungi and the practice of destroying the pathogen m situ 
I has generally been referred to as disinfection or disinfestation Mer- 
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curials, particularly organic compounds, are most widely used because 
of their vapor phase activity Dithiocaxbamates, aryl qumones, plienols, 
and formaldehyde are also used as slurries, dips, or dusts — 

Plain water alone is credited with curing disease Tyner (1957) 
reported that loose smut, caused by Ustilctgo nuda, can be eliminated 
from barley by water soaking He suggests that the efEect is not due to 
microoiganisms or their chemical products accumulating in tlie soak 
water, but rather to qumones formed m the germ of wheat or barley 
during the soakmg 

Accelerating the healmg of wounds by stimulating callus formation 
through surface application of chemicals has been attempted for many 
years Lanolm was found to improve the initial stimulation of healing 
by Shear (1936) and was furdier enhanced by addition of such growth 
regulating compounds as 4 chloro-3,5 dimethylphenoxyacetic acid and 
2,4 dichlorophenoxyacetic acid (Crowdy, 1953) Crowdy found little 
evidence that the duration of the healmg period can be extended mark- 
edly by chemical treatment or that out of season healing can be stimu 
lated m tins way The improved healmg may be due either to an earlier 
start of the healing process, or to an accelerated rate Timing of chemical 
treatment with normal growth activity of the plant seems very important 

IV Systemic Chemotherapy 
A General Concept 

Internal systemic medication is tlie real frontier of tlierapy Tins dial 
lenges us so much because it offers hope of cliasmg a pathogen into the 
farthest leaflet of the plant and killing it Tlie entomologists are ahead 
of us here Tliey can kill a leaf mmer m the highest leaf of a birch tree 
by spreading an ounce or so of an organic thiophosphate over the soil 
in the spring We must some day be able to repeat this astonishing 
performance for the Dutch elm disease Perhaps we can console our- 
selves in our sloivness by saying that the tliiophosphate acts as a nerve 
poison on the insect larva and that trees have no nerves Our fungus, 
Craphium ulmi, has no nerves either and, hence, is not damaged 

We must not forget tlie ancient and hoary principle in human 
medicine that every disease has its specific remedy We researchers in 
dicmotherapy are aiming at that objccUve This subject has been 
neglected hitherto, because mdividual plants have been considered 
expendable, because tlie problem is intensely complex, and because we 
did not ln\e access to the formidable array of chemicals and antibiotics 
now available to us 

In this chapter \\c shall not be describing, however, \ery many 
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practically useful chcmotlicrapcutants We shall concern ourselves with 
tiic nature of tlie problem, witli some of its pitfalls that we have noted, 
and HiUi sonic of tlic challenges Other facets of the subject have been 
considered recently liy Dmiond (1959) and by Diinond and Horsfall 
(1959). We hope to suggest that ‘the water is fine’ and to encourage 
otliers to try a swim We hope to shed some hglit on the jiroblein posed 
by die old hymn “Walcliman, tell us of die night, what its signs of 
promise are.” 

B Nutriitonal Imbalance 

Between therapy by physical measures and what is generally diought 
of as chemotherapy, is the well-established principle of correcting nutri 
tional disorders of tlic plant cedi Most commonly, plant disease is 
diought of as being caused by animate padiogcns However, dierapy can 
and has been, consciously or unconsciously, applied to correction of 
inanimate causes of disease — those nonliving factors that affect adversely 
die natural or normal functioning of plant cells, namely, imbalance of 
water, oxygen, and nutrient elements 

Balancing certain elements in die soil environment or m die plant 
cells can be used as a therapeutic measure Tomato fruits low m calcium 
but high m total nitrogen, iron, and copper are more hable to blossom 
end rot according to Taylor and Smtdi (1957) Conversely, supplying 
die plants with more calcium and decreasing nitrogen levels has reduced 
the disease Similarly, tlie use of sulfate fertilizers rather dian chlorides 
can reduce succulence of tomatoes and hence mitigate damage This is 
therapy of nutritional imbalance 

Tlie major nutrient elements necessary for metabolic equilibrium, 

, nitrogen, phosphorus, potasswm, calcium, and magnesium, are tahen 
care of by adjustment of fertilizer practices The minor elements that 
may induce the so called "deficiency diseases" — zme, boron, copper, 
manganese, sulfur, and iron — are identifiable from a diagnostic key to 
symptoms prepared by McMurtrey (1948) One has the option of con 
sidermg as chemotlierapeutanfs (lie metabolites or nutrients named 
above, when used to mamtam or to improve the normal cellular 
activities 

After observmg the therapeutic effect of zmo on mottle leaf of 
Citrus, Reed and Dufrenoy (1935) explamed the action on the basis 
diat the salts of certain metals catalyze the partial oxidation of sulfhydryl 
compounds Certam of these compounds are present m all hving cells 
and control the life processes tlirough maintaining the energy at a given 
level by oxidation This level is defined as the oxidation reduction 
potential, which when low, may result in pathological symptoms cor 
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related with an accumulation of suboxidized metabolic substances as m 
mottle-leaf of Citrus 

Profound changes m the cytological conditions are associated with 
the lecovcry of mottled trees aftei tlie entry of zinc, applied eitlier to the 
soil or to the foliage in the foiin of a spray Zinc accumulates m the 
meristematic cells of buds and in the palisade cells of green leaves After 
zinc sulfate has been applied, the symptomatic tiees lesume normal leaf 
cellular activit) as judged by normal nuclei, fibrillar cytoplasm, and 
normal chloioplasts, and as exhibited by accelerated growth of new 
shoots These effects suggest that some reaction has been initiated by 
which the proteins and carbohydrates of the cells have been utilized to 
supply energy to the cells Steroids accumulate m cells of mottled citrus 
leaves, but are scarce in leaves to which zme is applied Seemingly, the 
stabilizing of the sulfhydtyl compounds by zme promotes the oxidation 
of cell metabolites and thereby liberates energy for vital processes 
Undoubtedly, zinc is Imbed with sulfur compounds m maintaining 
normal green plant cellulai functions Yet, in solution, zinc at concen- 
trations of 5 to 25 p p m has been reported to stop the growth and kill 
com and citrus seedlings How the zme requirements of plants can be 
met without toxicity has been explained by Mase (1914) Presumably, 
m the ptesence of calcium carbonate, xmc \s precipitated as an insoluble 
salt Necessary quantities are dissolved out by root excretions and 
absorbed as required by the plant witliout toxic accumulation Thus, 
zinc carbonate or a similar basic salt would serve as a “safe” or sublethal 
reservoir of the essential toxic metabolite This same principle can and 
has been used with other metal ions m other “deficiency” diseases of 
plants 

Molybdenum m very small amounts has been reported as needed 
for the physiological reduction of nitrates in plants (Turner and McCall, 
1957) Nitrates accumulate m the tissues of molybdenum-deficient plants, 
and the protein content of the plant is reduced This upset metabolism 
results chiefly in characteristic liypoplastic symptoms, as for example 
“uhiptail’ of crucifers Treatment with a few parts per million of avail- 
able molybdenum suffices to cure tins growtli condition 

In contrast, an excess of a single nutrient or a combination of nutri- 
ents may directly or indirectly result m injury Here we get into the area 
of chemical antagonism and physical changes m the state of the plant 
protoplasm Of major importance is the accumulation of sodium salts and 
resultant “alkali” or “salt' injury NevcrUielcss the removal of an excess 
injurious salt or clement, even modification of soil reaction to within 
the range for normal plant growth, is a chemotherapeutic practice m 
the broadest sense. 
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Healthy living cells are believed to have an approximate balance of 
hydrogen and hydroxyl ions. They are able to maintain an internal 
neutrality because of their slight permeability to these ions. The internal 
pH can be upset by the greater penetration of undissociated molecules 
of acidic and basic substances than of their corresponding ions. Hence, 
when the plant cells are exposed to low pH values, weak nonionized 
acids enter the cells and damage them. Similarly, weak poorly dissociated 
bases are toxic at pH values above 7.0 because tliey can permeate the 
cell at that pH. Hence, correcting the chemical environment will cure 
the harmful effects. 

Feldman et al. (1950) observed that the Dutch elm disease organism 
(Graphiuni ulmi) forms its most toxic metabolite when the pH is 4.2 
and successively less as tlie pH of the medium is raised to 7.0 or above. 
Therefore, an alkaline formulation containing lime was developed for 
the impregnation of soil around elm trees, to suppress or avoid the 
development of symptoms. A check in vivo of the pH of tlie tree sap 
indicated a rapid rise in alkalinity for a few days following soil applica- 
tion and then a dropping back to normal. The experimental results sug- 
gest that some curative effect was attained; either from the pH modifica- 
tion, or the high calcium hydrated lime and other ingredients used. 

C. Biochemical Specificity 

The idea of finding a chemical that may be used as a systemic medi- 
cine is based on the principle of biochemical specificity as instanced 
above for the birch leaf miner. The idea of biochemical specificity, per- 
haps, goes back a century to the recognition by Louis Pasteur that 
microorganisms are so specific in their biochemical reactions that they 
can separate optical isomers. Ehrlich (1913), 50 years kitej, .seems to 
have had in mind selectively active substances when he established the 
term "chemotherapeutics.” Dubos (1958) has stated recently tliat “under 
natural conditions, each one of the microbial species concerned in the 
economy of organic matter, is more or less specifically adapted to the 
performance of a limited, defined biochemical task." 

The concept of chemotherapeutic specificity has been shaipened over 
the years. Formerly it was considered on tlie basis of the whole cell, 
later on the basis of the enzymes, and more recently on the basis of the 
molecular structure of the substrate. 

Dubos (1945) has pointed out that effective therapeutants do not 
behave as gross protoplasmic poisons which affect indiscriminately die 
structure and function of all living cells. They interfere selectively with 
some specific steps concerned in the nutrition, syndiesis, or cell division 
of die pathogen. Odier therapeuUc agents may react selectively with 
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well deBned structural components essenbal to the pathogenic behavior 
of the cell This attitude is hopeful for the mhibition of pathogens within 
the tissues of the host plant 

Yarwood (1955) has presented evidence of selective accumulation’ 
Although the lethal dose of fungicide per unit of tissue be the same for 
host and fungus, the fungus may accumulate the toxic agent in larger 
amounts than the host, and is, therefore, killed at a lower applied dosage 
than the host Autoradiographs indicate that this is true for sulfur therapy 
of rusts Also there may be ‘selective toxicity ” The amount of fungicide 
accumulated per unit of tissue may be the same for host and fungus, but 
the fungus is killed at much lower accumulated dosages than the host 
This seems to apply to the sulfur therapy of powdery mildews 

The possibility of findmg cbemotherapeutants exerting a specific 
action IS strengthened by what has been learned from penicillin Peni 
cilhn presumably blocks the synthesis of a particular wall component 
of the bacterial cell, but not that of the host Thus, its action is specific 
If growing bacterial thalh arc unable to form cell membranes, they 
undergo osmotic lysis Undoubtedly, compounds with similar action are 
waiting to be found for plant cbemotherapeutants 

Enzymes capable of specific lysis of fungous structures are sometimes 
to be found among fungi As yet, knowledge of these enzymes has not 
been developed for use in plant therapy The plasmodia of some Myxo 
mycetes have been observed to destroy the liypbae of fungi with the 
same apparent speed that a hot iron may cause nylon or acetate fibers 
to melt The inky cap mushrooms demonstrate the property for all 
to see 

Perhaps a better suggestion of possibilities for future specific agents 
is offered by the diplont or dicaryon stage of certain Ascomycetes In the 
so called sexual phase, a cliangcd metabolic pattern follows differentia 
tion of fertile bvphae,’ an ascogonium, and ascogenous hyphae from 
the somatic tissues of the thallus Tins diplont exerts a cannibalistic 
action on the haplont matrix of the surrounding stroma This action has 
been used as m ordinal taxonomic character It seems possible that the 
l>tic enzymes produced b> the diplont to make room for itself m the 
body of the haplont could be isolated and provide the key information 
required to discover a specific chemotherapoutant useful in plant 
ther ipy 


D Microhm! Disease Thcrapciifants 
1 InJnlvC or Entry 

Cli irlv «e must si irt with the proWcm of intake or entry of 
cliemothcrapcutants Our medical colleagues call this "route of admin- 
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istration ” Through what routes can systemic therapeutants enter the 
plant? Tliere are really only tliree practicable routes of aclramistration 
for plants— root, stem, foliage Mechanical mjection is possible through 
cich Roach (1939) has published a basic treatise on the injection of 
materials and their subsequent distribution in the plant Each portal of 
entry has its advantages, each its drawbacks 

Roots grow m sod A compound aimed at roots must go first tlirough 
the soil and be subjected to its severe subtractive influences distance 
adsorption, direct cliemical alteration, and biological degradation 
Tlie significance of distance is obvious The farther the compound 
must go before it can reach tlie roots, tlic less will reach the roots This 
follows from the simple laws of diffusion and dilution and is not of 
necessity related to any loss along the way due to hazards of the route 
Adsorption is a much more serious source of trouble If a substance 
bears a strong charge, it will be adsorbed onto soil particles presumably 
by van der Waals forces, and it may never arrive alongside the root to 
take it Streptomycin bears sucli a charge according to Siminoff and 
Gottheb (1951) and, tlius, it is not an effective chemotherapeutant when 
applied to the soil The same is true of thiolutin according to Gopal 
krishnan and Jump (1952) and of numerous other antibiotics according 
to Martm and Gottheb (1955) Ark and Alcorn (1956) showed some 
specificity m adsorption Streptomycin is adsorbed more tightly by 
bentonite than by pyrophyllite \\dien Ark and Alcorn changed the 
charge on the clays with KjHPO, the streptomycin \vas released 
Since soil is a reasonably reactive medium, it decomposes many 
candidate chemotherapeutants and reduces them to impotence Our 
knowledge of this is pretty limited, but what we have is clear Antibiotics 
seem to have provided more information to date than otiier types of 
therapeutants According to Jeffreys (1952), many antibiotics such as 
albidm, ghotoxin, and viridm come apart m soils where tlie pH is 
unfavorable Even if the pH is not unfavorable some antibiotics sucli 
as pemcillm and streptomycm break down 

The soil IS so full of microbes that it is not surprising that they too 
degrade chemotherapeutants veiy rapidly Very few molecules have 
demonstrated radical resistance to microbial decomposition DDT is an 
example, but, of course, it is not antimicrobial Very probably the two 
are related If DDT reacts with microbes to damage them, then the 
microbes will react with DDT and damage it Thus, ^ve fight an uphill 
battle when we mtroduce antimicrobial substances into a miheu loaded 
with microbes 

Jeffreys (1952) has shown that antibiotics such as griseofulvin 
patulm, and mycolic acid will survive longer m organism free soil than 
in a natural soil full of microbes 
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Walker and Smith (1952) show tliat Myrothecium verrucaria a very 
widespread cellulose decomposer can actively destroy cycloheximide 
(Actidione) Salicylic acid analogues have been shown to contain some 
systemic chemotlieripeutic pioperties on bacterial blight of bean (Di 
mond et al 1952) but Riere (1940) has shown that Aspergillus a 
common soil organism can utilize sahcylic acid as a source of carbon 
Wright and Grove (1957) have recovered a Pseudomonas species 
from soil that can degrade griseofulvin This bacterium increases steadily 
in the soil as griseofulvin is successively added to the soil 

Gottheb (1957) has published an excellent review of the microbial 
decomposition of toxicants We can only conclude that chemotheia 
peutants destmed for entry into the plant through the roots must run 
a very hazardous gauntlet This inevitably suggests that screening 
methods for chemotherapeutants should include a soil burial test 
analogous to that used by our colleagues in wood and fabric degradation 
Even assummg that the candidate therapeutant survives the hazards 
of the soil and arrives alongside the root it must pass through the 
epidermis of the root migrate through the cortex if necessary through 
the endodermis and finally into the free flowing stream in the xylem 
This formidable collection of barriers further separates the sheep from 
the goats the men from the mice The number that survive falls fast 
Here also adsorption plays its accustomed role 

Of course investigations on root entry are best done when the roots 
are placed in sand or in solutions or suspensions of the test substance 
not in soil 


Chapman (1951) has reported on the comparative performance of 
8 qumolmol and n octadecyltrimethylammonium pentachlorophenate 
The former is almost without charge It does pass the root barrier and 
go up the stem of an elm (Zentmyer et al 1946) The latter compound 
IS highly charged is substantive to cellulose according to Chapman 
(1951) and it does not move out of the roots 


The relative performance of these two therapeutants is striking The 
former gets into and up the stem of elms to tlie point where invasion by 
the Dutch elm disease fungus occurs high m the tree The latter com 
pound IS utterly ineffective on Dutch elm disease but is reasonably 
active on Pusanum wilt of tomato where invasion occurs through the 
roots Tins compound stops m the roots and is effective there The other 
apparently does not stop there and is meffective there 

In 1917 Anderson and Nienow demonstrated that streptomycin enters 
roots of soybeans^ It also enters the roots of peach (Dye 1956) cucuin 
19^)^^^"^^*^ tomato (Pramtr 


Chloramphenicol can also enter roots whereas chlorotetracycline 
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oxytetracychne, and neomycin can not (Framer, 1954) The evidence is 
clear that tlie following other compounds can enter the plant through 
the roots cycloheximide (Wallen and Millar, 1957), gnseofulvm 
(Crowdy. 1957), thiolutm ( Gopalkrishnan and Jump, 1952), sulfonamide 
analogues (Dimond et al 1952, Crowdy and Rudd Jones, 1956), 4 
cliloro 3,5 dimethylphenoxyethanol (Davis and Dimond, 1953), benzo 
thiazolyl 2 tinoglycolate (Dimond et al, 1952) and many others 

The charge on streptomycm affects its adsorption into root tissue just 
as it affects adsorption onto tlie soil parbcles (Framer 1954) Strepto 
mycin tends to remain m broad bean roots just as n octadecyltnmethyl 
ammonium pentachlorophenate does, but to a lesser degree Framers 
work also suggests tliat chloroamphemcol and griseofulvin are not re 
tamed in the roots, presumably, they are not heavily adsorbed tliere 

Cycloheximide does not seem to be heavily adsorbed onto root tissues 
{Wallen and Millar, 1937) 

Crowdy and Rudd Jones (1956), like Chapman (1951), have related 
the adsorption of sulfonamides by root tissues to their adsorption on 
cellulose Their techniques were somewhat more sophisticated, however 
They have sho\vn that the rate of entry of sulfonamides into broad bean 
roots is related to their Rp values (the ratio of the distance traveled by 
the material to the distance traveled by the solvent) on cellulose chro 
matograms This looks like a smart approach to the problem 

The ratio of entry to the Rr value on cellulose is a constant for the 
neutral compounds that are fat soluble but the more water soluble the 
compound the higher the proportion of aqueous phase in the chromato 
graph system needed to maintain the same ratio Apparently neutral 
compounds and those with high pKa values (pH where ionization is 
least) enter the plant as undissociated molecules, but those with low 
pKa values enter as ions Of course when the pKa value is near 7 pH 
IS very important in dissociation and, hence is closely associated with 
entry of the compound 

Bearmg m mmd that systemic chemotherapeutants must move 
through hvmg cells of the root before entenng the xylem, one is not 
surprised to note from the literature that the process requires energy as 
many permeative processes do (Bnan et al, 1951, and Stokes, 1954) 
Griseofulvin shows an initial rapid entry mto wheat roots and this is 
inhibited by such respiration inhibitors as nitrophenol, phenylurethane, 
and sodium azide At the concentrabons used, these mhibilors do not 
inhibit the entry of water however, accotdmg to Crowdy et al (1956) 

If the inhibitors were applied for a prolonged period, some griseofulvm 
did enter the root presumably with the uninhibited water of the tran 
spinbon stream 

Crowdy and Rudd Jones (1956) pursued this Ime of research also 
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With the entry of sulfonamides into the broad bean plant Some of the 
sulfonamides enter readily, some do not Those that do, act similarly to 
griseofulvm The initial spurt m the entry is sensitive to respiration 
poisons, but the long time slow entry is not The latter is related to the 
rate of entry of water 

Presumably, one could force candidate therapeutants through the 
roots, but we have no information on such trials 

Much research has been done on entry through wounds in the stem 
Stoddard ( 1947 ) forced his test compounds into the severed upper ends 
of the stems of peach seedlmgs He seems to have had no followers, but 
his methods would seem to warrant further exploration 

The uptake of chemicals by stems through bore holes has been very 
popular This technique has been resorted to largely because it permits 
estimation of the dosage within the plant Howard (1941) used the 
method for his work on diaminoazobenzene for bleeding canker of 
maples, and so did Zentmyer et al (1946) in their earlier researches on 
Dutch elm disease 

Radial bore holes were used at first and the compounds used were 
water soluble Later, Howard and co workers (Anonymous, 1955) de 
vcloped a method of mjection that depends upon tangential bore holes 
arranged m an ascending spiral around die tree The holes are filled with 
tlie compound in paste or powder form and sealed The tangential 
boring assures that tlie chemical is accessible to the maximum number of 
xylem vessels and tlie "dry” packmg assures a longer lasting supply of 
chemical The method, when properly timed, seems to be successful with 
1,5 dimethylthiazolyl 2 thioglycolale for Dutch elm disease, but not 
for 8 qmnohnol benzoate 

Is a tree ‘cured’ of disease when the development of symptoms is 
stopped^ Tor example, a 25 year old dm tree about 8 to 10 mclies in 
» diameter at breast height become naturally infected with Graphuim uhnt 
as proved by tissue culture from wilted terminal branches Immediate 
chemical treatment upon sighting the symptoms checked further wilt 
Subsequently the dead branches xvere removed and tlie tree appeared 
healthy (symptomless) for 2 \ears until another attack developed This 
was confirmed as due to Craphitini ulmi by laboratory diagnosis Again 
prompt trcalinent by the Ixjre liole method resulted in checking tlie 
disease and it has rnn,uncd healtliy” for 3 years 

In another case, an chn was proved to be infected with Graphium 
nhni by isolation of the fungus from brandies bearing wilted leaves It 
was promptly treated by soil impicgnalion of tlie rhizosphere and a 
further dciclopmcnt of symptoms was stopped Tlie next txvo seasons, 
normal foliage appeared on undamaged branches and tlie killed ones 
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Were tut olf. IIouc\cr, discolured streaks in the \)lcm. formed during 
tlie Near of attue disease, were scjiaraltd from the camliium b> aiinu.d 
lajers of mw wood. 'Iliiv discolored wood vuldui pure tuUuros of the 
jialliogtn llius. It would ap]HMr tlni a sonulime p.idiogcmc fungus 
tail conlmue to e\ist in a (piitsa iit st ile in a host plant without causing 
injury. 'I here mas )>e .» "w.iJJing-o/r t/fi ct lirouglit about b)' tJic 
interposition of cv!U having thitUr walk or tinfavorahle chemical com- 
position, or the mtlalmho cniirunm<.nt is not favorable for pathogenesis 
To lest tins, a\ cuts were in.ide through the bark and into the dis- 
colorcil area harliormg the “< piicscxiit” pathogen, with the result that m 
some cases svmptoms again developed lleckm in (195S) now believes 
that arresting Dutch elm disease bv 1.5 diim-tli}l{hM/ol>J 2-thiogl>co/ate 
Irealmcnt creates an unfavorable physiological environment, rather than 
a mechanfcal h,irrier for walling-off (he fungus 

Sometimes severed stems are used in exploratory work on chemo- 
thcrapculants especialiv m studies on host tolerance Hobison ct a! 
(1951) have shown th it antihiolies enter more readily through cut stems 
than through roots, hut this, of course, is not unexpe'ctcd 

Some work has been done* on entry ihrougli intact stems This is a 
te'cliniquo first used hy growth honnone investigators Mitchell ct al 
(1052) applied strcptoinycm to Iican stenns h> mixing it with lanolin 
and a nonionic detergent Streptomycin will also euilcr the intact stems 
of tobacco (Ilidaka and Murano, 1950) Polvchlorobcnzoic acid (Beck 
man, 1959) will readily enter when painted on tlic b.irk of young elms 
and affect the development of the Dutch dm disease 

If wc could find or tailor-makc chcmothcrapentants (hat enter rcadilv 
through intact foliage*, we would be a long way toward a practical solu- 
tion to the entry problem If the compound enters the foliage, it is very 
near to the site of action of all .above ground diseases It need not be 
translocated very far, and it can be easily and chcaplv applied as a 
spray or, perhaps, as a dust 

Many compounds do enter tJiroiigli intact foliage, some directly 
through the cuticle and otlicrs through natural openings Tins problem 
also has been pioneered by the growth-Iiorinone investigators The prob- 
lems arc similar to those encountered m root entry The compound must 
pass through the epidermis, throwgli tlie parenchyma tissue, and into 
the xylem or the phloem Tlie problem is further complicated by tlie 
presence of the waxy cuticle vvliicb is pretty inert It is eased by the 
absence of soil and its complic.itions and it is eased by the presence of 
stomata and hydathodes Curtis (1943) has shown that compounds can 
enter through the hydathodes where guttation drops form 

Crafts (1948) has contrasted the types of compounds that might 
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enter through foliage or through roots. He feels that compounds that 
enter tlie leaf should be somewhat less polar and more lipid-soluble than 
those that enter roots. 

A mixture of aluminum sulfate, kaolin, and calcium carbonate, 
(Cuneo Mixture) administered either to the foliage or in proximity to 
the roots of trees or herbaceous plants, is claimed (Mosca, 1958) to act 
as a systemic fungicide for several diseases. Mosca believes that all polar 
(-|- charged) compounds of metal derivatives conductive of electricity 
have fungicidal properties. Their tungitoxicity is proportional to the 
degree of dissociation. When a polar substance is dissolved in water, it 
decomposes into atoms furnished with electric charges (free ions) — the 
ionization of polar substances is spontaneous. According to Mosca (1952), 
Al^ in tile ion state acts as a “systemic fungicide with a universal 
action,” because the aluminum ions are conveyed by the protein sub- 
stances throughout the plant. 

Of course, it is now common knowledge that phenoxyacetic acid 
analogues penetrate foliage very easily. 

It is interesting to note tliat sodium benzothiazolyl-2-thioglycolate 
penetrates elm foliage and has definite therapeutic effects on Dutch elm 
disease (Dimond et al, 1952). This compound has an — S — CH 2 COOH, 
which is the sulfur analogue of die — O — CHgCOOH side group of 
2,4-D (Fig. 1), Similarly, van der Kerk’s (1956) new systemic fungicide 
has precisely tlie same group attaclied to it. This compound is disodium 
ethylene bisdithiocarbamyl-diUiioglycoIate. It is also interesting that cap- 
tan has a similar tail ( — S — CCI3) attached to tlie imide grouping. The 
— S — C CI 3 has tlie important similarity of — S — CHjCOOH in that the 
electronegative groups C=0 and CI 3 are separated by one carbon from 
the sulfur. 

Captan does not enter intact foliage as easily as sodium benzo- 
tliiazolyl-2-thioglycolate or 2,4-D, but it does seem to possess local 
chcmotlierapeutic properties as Stoddard (1954), and Rich (1956) have 
shown for cucumber scab. It would appear Uiat — S — CHoCOOH is a 
better “shaped charge” (Horsfall, 1956) than — S— C CI3. 

These results suggest tliat, perhaps, permeation and, perhaps, trans- 
location arc encouraged by R— S — R' or its oxygen analogue. 

When one surveys some of the known synthetic chemolherapeutants, 
several structures of this type appear as shown in Fig. 1. The R seems 
to v.^* but apparently the R' should contain an electronegative group. 

From these structures, one can sec others that perhaps should be 
tried. Nirit. the protective fungicide, is 2,4-dinitrophenyiaiiocyanatc. 
Here the cyanate group provides tlie electronegativity. Pcrliaps, it would 
Iw therapeutic. Perhaps, substitution of clilorincs for the nitro groups 
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would make it a close analogue of 2,4-D and, perhaps, improve its 

activity , T> 1 1 

Antibiotics also enter uninjured plant leaves Davis and Rotlirock 
(1956) demonstrated that griseofulvin applied to one surface of tomato 
leaves controlled AUcrnana solam applied to the other Similarly, Dye 
(1956) applied streptomycin to the lower surface of peach leaves and 
protected them against Pseudomonas syrmgae applied to the upper 
surface 

A few data are available on the weather factors that influence entry 
through intact foliage The longer the apphed material remains damp 
the longer tlie time available for entry Thus, high humidity delays the 
drying and promotes entry as Dye (1956) has shown for streptomycm 
This principle has been exploited by Gray (1955) to improve the entry 
of streptomycin He used glycerme in the water drops of streptomycin 
to delay drying It improved the entry 

Goodman (1954) has used Cellosolve and Carbowax 4000 for the 
purpose of increasing the entry of streptomycm and oxytetracychne for 
fire blight control on apple and pear 

Glycerme sometimes does not improve entry as Shaw et al (1957) 
have shown for tobacco foliage and Rich (1956) for cucumber foliage 

2 Translocation 

If we are to attain systemic chemotherapy, we must attain excellent 
translocation from the pomt of entry to the point of need If we are con- 
cerned with leaf spots we must obtain long distance translocation up 
ward if we use root application If we are concerned with root rots, we 
must obtam long distance translocation downward if we use foliage 
application Conversely, foliage application is more likely to succeed for 
foliage diseases and root application for root diseases Vascular diseases 
and systemic viruses are hard to reach from either end 

We m plant pathology are more hampered than our medical col 
leagues by translocation problems An antibiotic injected into an artery 
or into a vein will appear in all parts of an animal in a fraction of a 
minute The plant, unfortunately, has no such circulation system And 
what circulation system it has occurs in microscopic units We have no 
tubes as big as the arm vein, for example We cannot inject very ivell 
the whole body from a single pomt 

Tlic upward system is different from the downward By and large 
upward translocation seems relatively simple Many compounds applied 
to the roots will appear pretty well all over the tops, but compounds 
ipplied to the tops often do not travel downward at all One day this 
problem will have to be solved Delay in its solution will delay the 
success of chemotherapy of plant diseases 
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The assay of translocation is seldom simple. A few antibiotics produce 
characteristic biological effects. For example, griseofulvin produces a 
characteristic curious curling of the germ tubes of Botrj/tis alhi. Its 
presence can, thus, be detected and has been so used by Brian (1952a) 
and his associates. 

The bacteriologists have developed strains of Escherichia coli that 
must have streptomycin or they die. If streptomycm-treated plant tissue 
supports their growth one can be reasonably sure that streptomycin is 
there. Mitchell et al. (1953) have studied streptomycin uptake and trans- 
location witli this dodge. 

Van Raalte (1952) has devised a partial answer to translocation He 
applies the test compound to a cut end of a short piece of potato stem 
standing on an agar plate seeded with bacteria or other organisms sensi- 
tive to the test compound. A zone of inhibition indicates translocation 

Phelps et al. (1957) have shown that cyclohexi'mide, cycloheximide 
acetate, and oligomycin travel in the xylem if injected into the stems of 
oak trees, Robison et al (1954) have found that antibiotics vary greatly 
in xylem movement even if they enter unhindered through cut stems 
Presumably, this is the ancient old bugaboo of adsorption to the cellulose 
The tetracyclines move upward much more rapidly than streptomycin 
and neomycin. We have already learned, however, that the streptomycin 
molecule is charged and that it is readily adsorbed. We have seen that 
K 2 HPO 4 will elute streptomycin from clays. The same authors (Ark and 
Alcorn, 1956) also have shown that K 2 HPO 4 will keep streptomycm 
moving in the xylem elements of Fyracantha cuttings 

Streptomycin appears to move in the xylem more rapidly in tlie 
peach (Dye, 1956) than in some plants because the concentration in the 
leaves rises above that in the roots. In the broad bean (Pramer, 1954) 
streptomycin concentrates more in the roots than in the leaves. Griseo- 
fulvin and chloramphenicol move steadily out of the treated broad bean 
roots and accumulate in the foliage. Griseofulvin acts in tomato, accord- 
ing to data of Crowdy (1957), like streptomycin does in the broad bean 
There is a gradation from the roots right out to the highest leaves. It 
must be bound by the first sites and moves further only as the lower 
sites become saturated. 

There seems no doubt tliat many of these compounds tend to move 
in the xylem because some of them ^ow up in the guttation drops that 
exude from the hydathodes, ie., cycloheximide (Wallen and .Millar, 
1957), and griseofulvin (Brian. 1952a). Other evidence is tliat entr>' of 
some antibiotics over the long pull or in tlie presence of respiration 
inhibitors is proportional to the amount of water lost in transpiration 
(Crowdy ct ah, 1956). 

On the other hand, Hidako and Murano (1956) concluded that if 
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streptomycin is applied to tomato stems it moves in the pith and phloem, 
not in the xylem. 

Napier et dL. (1956) applied streptomycin to the simple primary 
leaves of bean plants and observed an effect on halo blight as far away 
as the fourth trifoliate leaf. 

Crowdy and Pramer ( 1955a, b) summarized data on translocation. 
They concluded that neutral or acidic compounds such as griseofulvin 
move readily m the plant, that basic compounds such as streptomycin 
and amphoteric compounds such as the tetracyclines give different results 
with different plants. 

Our ignorance of the field is profound. 

3. Host Action on the Therapeutant 

No host will sit idly by when it is treated with a therapeutant It may 
detoxicate a therapeutant, enhance its effect, or possibly even excrete it 
through the leaves or roots Hilbom (1953) has presented a tantalizing 
abstract showing how different hosts affect chemotherapeutants. We 
regret that he has not elaborated it. He shows, for example, that chlor- 
amphenicol reduces verticillial wilt of potato, but not of tomato 

a. Detoxication in the Host. We have already seen how soil microbes 
may destroy a chemotherapeutant. Likewise, the living host also may 
degrade a chemotherapeutant and render it impotent. This is a very well 
known phenomenon in human medicine and much is known of the 
mechanisms of degradation 

In plant chemotherapy, however, about all we know is that some 
compounds must be degraded because their effect is lost. S-Quinolinol 
derivatives are evanescent in the plant. The sulfate lasts a few days, the 
benzoate a few days longer. We do not know what happens to them, but 
perhaps they are degraded. 

The term "half-life” is common these days to quantify the rate of 
loss. One may, thus, rate chemotherapeutants in terms of half-life. Some 
of the systemic phosphate insecticides have a half-life that can be 
expressed in weeks, but most microbial chemotlierapeutants have half- 
lives measured in days, perhaps even in hours. 

Brian (1952a), for example, showed that griseofulvin has a half-life 
of only a few days. Crowdy (1957) has determmed this number to be 
about 4 days Prescott et al (1956) have shown that cyclohexmiide has 
a half-life of about 24 hours in the cherry fruit but mucli longer in 
cherry foliage. According to data of Wallen and Millar (1957), cyclo- 
heximide may have a half-life in wheat foliage of 2 or 3 weeks Data of 
Ilidaka and Murano (1958) suggest that the half-life of streptomycin in 
tobacco foliage also may be as much as 2 or 3 weeks. 
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In die human body, acetylation is a very common device for detou 
catmg drugs Esterases are common among most hvmg organisms One 
would expect that higher plants would he able to make esters out of 
poisonous substances Unfortunately, only a few have searched for such 
reactions Kudd Jones and WignaU (1955) have shown, however, that 
the broad bean can acetylate sulfanilamide Undoubtedly, many more 
cases of such reactions await discovery We shall return to this reaction 
below m discussing possible means of producing effective chemo 


*"odiTr“evices are undoubtedly avadable to host plants in then fight 
against a foreign chemical, the mtroduced therapeutant Gottlieb (1957) 
has discussed how microbes can detoxicate toxicants Some, Perhaps 
of these mechanisms are available to the host He mentions hydrolyses 
esterification, chelation, duect reacUon with metabolites, oxidabon an 
reduction, and displacement effects We need much more research m tins 
field Sanwal (1956) has shown that fusaric acid is decarboxylated by 
the tomato plant and transformed mto a nontoxic substance 

b Aawlwn by the Host The host can react =i comPOun^ 
enhance its effect, ,ust as it can react with a compound and reduce its 


‘™Mmhf(1950) showed fairly early that the 

4chloro3.5dnnethylphenoxyedianol to reduce fusarial wilt of toma 

improves with time (Davis and Dimon , compound 

This type of evidence is not conclusive proof that the compom 
actu^y Tanges The unproved effect,veu..s wi* time coidd^e due - 

production of a probably is oxidized in the 

“hlo“ Sd tce.^wever die 
acid also mcrease with time one mcta d t ^ 

and Dunond (1953) that the '‘’“f^^^tLurconverts strcpiomycm 
Gray (1958) has evidence “„^nompound, probably mto 
amme and streptomycm oxime Qimilarly Lemm and Magee 

streptomycin itself or dihydrostrep omy deestcrified by tlie host 

(1957) have found tliat „ a958) suggest tliat the 

to cycloheximide itself Rombouts ^ nonfungitoxic carbovy- 

cucumber and broad ““’'thiol N oude back to the fungilouo 

methyl derivative of pyridine 2 tliiol iv o« 

“■"Jrdri (.«.) d- 

uabam It has die followmg structure HOOC-Ct 
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CjH.— NH— C(S)— S— CHjCOOH In this form it enters the plant 
readily Inside the plant, it seems to he reconverted to the fungicidal 
substance, nabam, by deesterification 

All of these results suggest ways of producing new chemothera- 
peutants and some of these will be discussed below 

c Excretion from the Host Our medical colleagues have made great 
strides m learning how chemotherapeutants are lost from the host by 
excretion Indubitably, plants also excrete chemotherapeutants but our 
knowledge of the subject is meager indeed 

Presumably, the compounds can be excreted through the leaves or 
through the roots In the leaf, the most obvious excretory organ is the 
hydathode Some chemotherapeutants have been recovered from gutta- 
tion water Notable among these are griseofulvin (Stokes, 1954) and 
cycloheximide (Wallen and Millar, 1957) Gopalkrishnan and Jump 
(1952) were not able to recover thiolutm m the guttation water 

The idea that roots excrete all manner of compounds has only recently 
been given detailed consideration Sadasivan and Subramanian considei 
all aspects of this fascinating subject in Chapter 8 of Volume II of 
this treatise 

We must have more knowledge about root excretion of compounds 
it we are to combat root rot diseases by spraying tbe foliage Halleck 
and Cochrane (1950) and Zentmyer (1954) have made a start to search 
for compounds that could be applied to the foliage, translocated to the 
roots, and excreted into the soil Tins would appear to be a promising 
lead to follow 


V Modes of Chemotherapeutic Action 
Having found an effective tlierapeutant, having preserved it from 
degradation by soil, microbes, and host, having found that it is trans- 
located to the infection court, having saved it from excessive excretion, 
what do we know about its mechanisms of action? 

Research so far suggests three major mechanisms of action, vivo- 
loxins arc destroyed, the pathogen is killed by direct action, or the 
resistance of the host is enhanced These we shall now discuss 

A Inactwatmg Vwotoxins 

Plant pathogens excrete sewage products into tlie medium wliere 
ihev grow Sometunes these are called “staling products,” because they 
inhibit the \cry fungus tliat excretes tliem 

Plant pathologists, seeing sucli effects in fungus cultures, have sug- 
gested for a half century or more lint such products must also be pro- 
duced by the fungus in the invaded plant and must participate m the 
patliogencsis of disease In sucli cases Uie substances arc called toxins 
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This has always been an intriguing hypothesis It is discussed in all of 
Its impheations by Ludwig m Chapter 9 of Volume II of this treatise 
Dunond and Waggoner (1953) insisted that the alleged substances 
must meet Koch’s rules of proof, if they are to be implicated as causal 
factors in disease For one thing they must be recovered from the dis 
eased host It is not enough that they be found in laboratory media 
Those that can be recovered from the hosts were labeled vivotoxins 
Since vivotoxins probably do occur m the chain of causality, one 
IS intrigued by the possibility that pathogenesis can be reduced by neu 
trai l i n g such toxins Howard (1941) first proposed such a possibility 
to account for his alleviation of the symptoms of Weeding “nker of 
maple with diammo azobenzene Zentmyer (1942) and Stoddard (19 ) 

offered a similar explanation for the action of 8 qumolmol in alleviating 
symptoms of Dutch elm disease In neither case was ^ ™ P™™ 

Perhans the best example of a vivotoxm is that of the wildfire disease 
of fotcco t mvestigated by Braun (1950) and bj 
(1952) The vivotoxm is a complicated ammo acid 
nine and it can be antidoted chemotherapeutically with 

A very new comer as a vivotoxm is fusaric acid which clearly is 
mvolved m the pathogenesis of fusarial 

Subramanian 1955) It is an analogue of ®!n1molThus puttmg 

showed that Its effects could be antidoted with 8 ‘^^gP^mo 

props under Horsfall and Zentmyer (1942) "'b® said t 8q 
Iinol seemed to mitigate the svmptoms of Dutch elm disease by 

HL'erLrancing the vivotoxins may be - ‘be Senesis^of di^ase 
their treatment by chemotheiapy -y be^a J^el 

pathogen remams in the ‘>““e chemical must be mam 

the vivotoxm That means ‘b^ “ d.fl5cult One is in the 

tamed contmuously ” ^un as hard as he can to 

position of Alice m Wonderland He must run 

"" (19.) ^ayalb^b^bad^S-P-rtSyo 

hlfm rwTff’lht mt-’ier hy other means As yet this 

^‘''"mrr.'ooL'S for successful chemoUicrapy b> toon conbo. 

alone 

B Direct Action on the Fathogen 
If the microbe is a prim^ m st d7mg is ve’rj clusnc 

hlr^Ftr^n; yeraft Uie modem reactivation of research on 
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chemotherapy, the number of cases of direct hilling were scarce indeed 
Before proceeding to a discussion of such successes as we have had, 
we should consider direct killing of the pathogen by substances found 
in nature These, perhaps, will be useful to suggest further research on 
synthetic substances 

1 'Natural Therapeutants 

Plants display a wide variety of cases where resistance to disease 
seems chemical in nature This matter is discussed m considerable detail 
by Allen in Chapter 12 of this volume and need only be referred to here 
The role of phenols and tannins in natural resistance has been dis- 
cussed for years The classic example is protocatechuic acid which has 
been shown by Walker et al (1929) to be responsible for the resistance 
of red onions to smudge Natural therapeutic agents, such as phenolic 
compounds have been found in trees by Rennerfelt (1945), and Erdtman 
(1949) 

Rich and Horsfall (1954) have called attention to the fact that 
qumones are generally more fungitoxic than phenols Schaal and John- 
son (1955), investigatmg the role of chlorogenic acid m resistance of 
potato to scab suggest that the phenol is oxidized to a quinone before 
maximum resistance is attained Presumably, this oxidation occurs when 
the potato tissue is damaged upon mvasion 

The phenol situation is interesting m fusanal wilt of tomato One 
of the outstanding characteristics of this disease is the darkenmg of the 
vascular bundles Davis et al (1953) asked themselves, what is the color 
and how does it originate? 

After studying the problem, they decided from their data that the 
pigment is melanoid, that it derives from a phenol which is oxidized to 
a qumone and polymerized to a pigment They decided that the phenol 
comes from a phenolic glycoside in the host, that the hydrolytic enzyme 
comes from the invading fungus, and that the phenoloxidase comes from 
the host In brief the course of events in blackening of the vascular 
bundle is that a phenol glucoside of the host is hydrolyzed by a fungus 
p glucosidasc, that the host enzymes oxidize the phenol to a quinone and 
convert the quinone to a pigment 

Presumably tlio same situaUon occurs m other wilt diseases, such as 
Dutch elm disease, where the vascular elements are discolored Here, 
then. IS a parallel situation to the potato scab In potato scab the chloro- 
gonic icid phenol that is liberated is somewhat fungicidal and its 
quinoidal analogue more so Presumably, then, the phenols and the 
qumones that are precursors of the pigments m vascular diseases arc 
umgitOMc also The question is, do they discourage mvasion? 
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Perhaps the Dutch elm disease might be considered first. We know 
that the so-called black strain of the Dutch elm disease fungus is a much 
more pathogenic strain than tlie light colored stram. Presumably, this 
can be explained by the results of Ricli and Horsfall (1954). They found 
that Monilinia fructicola, a hyaline fungus, is poisoned by phenols and 
quinones wliile Stemphijlium sarcimeforme, a black fungus, generally 
is not. The black fungus is able to detoxicate phenols and qumones by 
converting them to bland black pigments, but the hyalme fungus c^not. 
Possibly, the hyaline strain of the Dutch elm disease fungus is unable to 
detoxicate the phenols or quinones formed upon mvasion, and is thus 
poisoned. Tlie black strain can detoxicate them, is not poisoned, and 
thus produces more damage than Uie hyaline steam. Similarly, Taylor 
and Decker (1947) report that the strains of the potato scab fungus 
fo™ blirpigments ore more 
One wonders how the blackening of the tomato xylem fits mto 
fusarial wilt picture. Apparently the fungus, pS® 

somewhere. This was mysterious un culture. If, indeed, it 

VerticilUum seems to excrete thiourea, polyphenolase system 

VerticilUum fnn^s break doi™^e fi“ tarlTmteresting niche here. 

The paper of Voros et al. (1 ) ^^^^^,„,],ccapeutant, it seems to 

Streptomycin is not Thytophtlwra infeslans. These 

increase the resistance of P . activates tlie phenol oxidase 

authors give evidence nat^al subs 

fpCblf ,")“t|t are -P™" -bj 

about die pCyphcno. 
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system Apparently we can increase susceptibility by inhibitmg it, 
decrease susceptibility by stimulatmg it 

This still leaves bangmg the case of the tomato wilt disease The 
qumone reaction does not seem to affect the situation in the normal 
infections The Bonny Best variety is very susceptible, but the vascular 
bundles turn very dark Here is an anomaly The phenol qumone 
pigment reaction exists, but the fungus is not poisoned This cannot be 
a thiourea case, either, because this would prevent coloration 

We can marshal what evidence we have Davis et al (1953) showed 
that Fusarium oxysporum f hjcoperstct can hydrolyze phenol glycosides 
and use them as sources of carbon Presumably, this suggests that the 
phenol formed in the tomato stem is not toxic to the fungus The phenol 
apparently is oxidized by the host to a qumone We do not know whether 
It IS toxic to Fusarium or not From their colors, we know that Fusaria 
can produce many pigments Probably, F lycopersici can detoxicate a 
qumone by formmg a pigment, as Stemphyhum sarctnaefonne does 

The results of Dimond and his colleagues ( Davis and Dimond, 1953 ) 
on phenoxy and naphthoxy acetic acid analogues seem to find a place 
somewhere in this area of the reasonmg Essentially, all of these com 
pounds mhibit the blackenmg reaction m tomato stems that have been 
moculated with Fusarium On this basis, the compounds have been rated 
as chemotherapeutic They do mdeed knock out the commonest symp 
tom of disease 

We are unable to discover any other work on the effect of these 
compounds to inhibit tlie polyphenolase blackenmg reaction of higher 
plants Several autliors, however, report tliat 2,4 D inhibits pigmentation 
m dark colored fungi as for example in Hclmmthosponum victoriae 
(Bever and Slife, 1948} 

It seems reasonably safe to assume tlien that these compounds do 
mhibit pigment formation Do tliey inhibit qumone formation as well? 
Wc have no evidence here The qumone may or may not be important, 
because the fungus does seem to be able to cope with it m nature 

One wonders what effect the phenoxy compounds would have on the 
resistant Jefferson variety of tomato One wonders if the effect would 
be similar to that of the inhibitors of polyphenolase as reported by 
Gotlioskar et al (1955) Whether tliey act on the qumone or not, tlie 
fungus IS not killed by them because when medication is withdrawn for 
a few days, tlic tomato dies from its mfcction 

These substances are phenol analogues Possibly they inhibit black- 
ening b> acting as pbuiohc antimtlabohtcs Tins brings to mind another 
mtcrtslmg result tint has occurred m Dimond s tests 2,4 Dichlorophen 
ox> propionic acid is not as effective m reducing tlic blackening reiction 
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as 2.4 dichlorophenoxyacetic acid A similar result has been shown on 
chocolate spot of bean by Crowdy and Wain (1950) This disease also 
IS read m terms of the blackening reaction The propionic acid deriva 
tive does not reduce tlie blaaenmg Tlie acetic acid derivative does 
According to Synerholm and Zimmerman (1947), the propionic acid 
analogue is degraded to a phenol by the host, the acetic acid analogue 
IS not Thus, the former would add to the hlackening, if anything the 

mT'thern'abont other symptoms of disease^ What about wihmg? 
Generally the growth substances reduce wilting too However Dimon 
has* le^rbaUy of a compound which P-e- the b^j^nin 
of the vascular bundles but which permhs 7M as ™ch wil^ g 
the check This compound is 24 aC.H.- 0 -(CH -CH^ CH 
CH OH A homologue four 

similar results It is obvious that these two con pu 
symptom of tomato wilt, but not others 

2 Synthetic Therapeutants 

Until the modem revival of tot^^^ 

of the cases of successful cure P ^ be cured with hme sulfur 

topical chemotherapy Apple scab ^ ^^j-ed by treating 

and organic mercurials Certain cereal smu s cou d be cm y 
the infected seeds with organic mercurials, but we proba y 
translocatable systemic fungiade distributes itself 

By onr definition a systemic ^8“ f by direct toxic 

systemically through b,, of the systemic fungicidal 

action Crowdy and Wain (19 \ ^ j xbpse compounds are only 

activity of analogues of j Horsfall and Dimond (1951) to 

weakly fungitoxic, however T d ,os,s(ant rather than to 

Ufom tt pat^g^ S. er researches seem to bear this out (Davis and 

°Trotd;an’d Davies (1952, .showed 
translocated from the roots to leaves of bean plan 
chocolate spot disease really good case of a systemic 

Antibiotics probably '^owed th« Now we know tlia 

therapeutant that could ,H.eat rust (Walkn and 

cycloheximide possesses sue p cvcloheximide semicarbazone 

N^r. 1957) and cherry and Szkolmk, 1^)- 

Coccomijcee Lb (Sander and Allmon, 19o8. 

^dtorntr a^d ^ 
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tomato (McNew and Sundholm, 1949), and griseofulvm foi several 
diseases 

The antifungal polypeptide, Phytoactin,” has markedly reduced in 
fection with oak wilt when applied m solution through trunk cuts to 
northern pm oaks (Phelps et al, 1957) In University of Wisconsin 
experiments on oaks, 3 to 10 inches in diameter and 20 to 40 feet in 
height, ohgomycm yielded an average of 13% healthy trees, Actidione 20%, 
its acetate derivative 30% for three seasons, and Phytoactin 40% after two 
seasons By comparison, 95% of the untreated, moculated check trees had 
died A group of moculated greenhouse and nursery oaks in Ohio tests 
were not benefited 

A few reports suggest that viruses can be inactivated in plants 
Stoddard (1947) reported curing peach seedlings of X disease by inject 
mg the outer ends of the stems with calcium chloride and zinc sulfate 
The zinc effect has by now been investigated for numerous virus dis 
eases It seems to be effective for some such as carnation mosaic (Thomas 
and Baker, 1949) but not for others such as tobacco mosaic virus on 
Nicotiana glutinosa (Yarwood, 1954) 

Respiration inhibitors seem to mhibit vnus multiplication (Leben 
and Fulton, 1951) Similarly, some antimetabohtes seem to be effective 
for viruses, as for instance sulfanilamide (Stoddard, 1947), thiouracil 
(Commoner and Mercer, 1951), and guanazolo (Matthews, 1951) Tlie 
inhibition of virus multiphcabon is treated extensively in this treatise by 
Mattliews in Chapter 12 of Volume 11 

Therapeutic action of sulfonamide and related sulfa compounds is 
currently believed to be by mterference with enzymes necessary for 
growtli They disturb the utihzation of para aminobenzoic acid and 
hence, inhibit the action of certain coenzymes essential for bacterial and 
actmomycete growth A possibiUty for curing systemic bacterial diseases 
IS the internal application of translocatable sulfones capable of breaking 
down m vwo mto diammo diphenyl sulfone which exercises antibiotic 
action similar to the sulfonamides 

3 Possibihttes for a Tailor-Made Therapeutant 

Perhaps sometlimg can be derived from our experience to date to 
suggest possibihties to make better tlierapeutants As we have seen 
phenols and qumones seem to be involved m natural host resistance 
It seems probable tliat our knowledge of these compounds will increase 

TIio evidence is fairly clear from Allen’s review (Chapter 12 of this 
\olume) and from Uie work of Davis ct al (1953) tliat in the very act 
of invasion phenols may be freed from natural nonloxic compounds such 

phenolic glycosides 
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This suggests tliat we feed such detoxicated phenols to the host. They 
should not be phytotoxic. They would lie in wait for an mvadmg m.^^e 
which would free them from tlreir bound form. Thus, 'Wd 

poison itself at the point of invasion. In “3 

synthetic hypersensitivity which is discussed by u e 

^e''worr'of Byrde and Woodcock (1952) suggests a device foat 

wo^ work on this principle. 2.4-Dichloronaphthoqumone^^a poj fj 

fungicide used commercially as a protectant, yj, aoetvlate the two 
duce it to the dihydro.xynaphthalene 
phenolic groups. This procedure renders the compoun 
apple foliage when applied to tlie sur deacetylate the com- 

The apple scab fungus, and Wood- 

pound by means of a fungus ester toxic. Horsfall (1956) 

cock, the dihydroxynaphthalene t us i ™ ^ ^ fungus back to 

suggested that the compound is probably oxidireo oy 

the still more toxic naphthoquinone. ^ chemotherapeutant, 

If, now, the diacetoxy derivative \ invading fungus should free 

it should be the answer to our jj ^ quinone. It cannot be 

the phenolic forrn, the host s ou the important posi- 

converted to a pigment beca u^mntherapeutant. 
tion. Thus, it should be an i » c esterases 

The concept is too simple. P readily as those of the fungus, 

can liberate the phenol “"d on 'z pathogen arrives. It 

The host dies by its own han 

works on the surface of an app fallowed this one down the drain. 

Other acetylated j^em to be too common in nature. 

Esterases for acetic acid acids, such as benzoic. The linkage 

Perhaps, we need to investiga e gyjJe and Woodcock (1956), but 

here is harder to erases may not break it cither, 

on the other hand the fungus ester of ethylenabisd.th.o- 

An interesting ester is the ® (jgse) as a systemic chemo- 

carbamic acid as proposed by va deesterifies this Imk- 

therapeutant. According to van der KerK 

age and recovers the nabam „„e,d work better. The phos- 

Perhaps phosphate or bor-n .^^ie insecUcides. 

iTn bLt:tderby”empirical^ttack^^^^^ Me ehenio- 

dJ-Ta;r« - “ 
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C Development of Resistance to Chemotherapeutants 
As soon as one speaks of chemically killmg a pathogen, one cannot 
avoid the possible development of resistance by the pathogen Tliis 
problem has plagued our medical colleagues almost from the day of 
the development of the first successful chemotherapeutant 

Fortunately, it has not been a serious problem for the plant pathol- 
ogist, perhaps because we do not yet have a chemotherapeutant in wide- 
scale commercial use The problems of acquired resistance are treated 
by Buxton in Chapter 10 of Volume II 

Acquired resistance to chemotherapeutants has been reported for 
bacteria Mitchell etttl (1952) report that Xunthomonos phaseoh causing 
bean blight develops resistance to streptomycin Strangely enough the 
halo blight bacterium on beans. Pseudomonas phaseolicola, does not 
develop resistance so readily Erivmta amylovora on apple and Xan- 
thomonas vesicatoria on pepper also rapidly develop resistance to 
streptomycm 

Our colleagues m medicine solve the resistance problem m part, at 
least, by using mixtures of antibiotics English and van Halsema (1954) 
have shown that plant bactena also develop resistance less rapidly if 
more than one antibiotic is used 

D Incrcosmg Host Resistance 

Increasing natural resistance to development of the pathogen by 
chemical modification of the host cell is possible Weintraub et al 
(1952) suggest that the antiviral effect of Stoddard’s (1947) zinc sulfate 
IS probably a case of mcreasmg host resistance Chemotherapy may also 
be used to induce extreme susceptibility or hypersensitivity This phe- 
nomenon of hypersensitivity occurs naturally between wheats and the 
rust fungus, potatoes and the late blight fungus, etc 

1 Effect of Auxins 

Plant growth regulators give striking effects m the amelioration of 
some diseases These effects were discovered mdependently and reported 
first by Crowdy and Wain (1950) for the chocolate spot of beans and 
tlien by Dimond and Chapman (1931) for fusarial wilt of tomatoes 
More recently they have been tested by Beckman (1958) for Dutch 
elm disease 

These compounds were selected originally tor testing because they 
were known to be translocated 

Dnnond and Ins group continued ihcir researches on the auxins and 
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auxin-like substances and found Uiat almost any auxin that acts on die 
tomato reduces tlie fusarial wilt syndrome (Davis and Dimond, ISSJJ. 

The striking feature, however, is that the fungitoxicity of aimns is 
extremely low, so low in fact that it could not possibly account for 

S.,0. — tS 

the plant resistant to 

Xr:;a’;^nr;usa:rtf;tT^^^^^^^ and can do to the plant. 

2. Relation to Sugars 

In the meantime, a few “"J^iJn^LtsVd” 

a9S,Taldr ^c:::!^:“ ZfrsC^evels L correlated with 
phase of the -tter has been pursued in considerably more 

detail by Horsfall and Dimond < ^ (he pme that elapses 

The effect of auxms rTt and then falls Maleic 

after treatment. Usually die g translocation of sugars from 

hydrazide affects the ~ar in the leaves, reduces it in 

the leaves. Hence, it usually 

stems and roots. jioeases or low sugar diseases, that is. 

Diseases may be high ^ hy high sugar. Rusts, powdery 

encouraged by high °‘' ‘h“ad bean are high sugar diseases. They 
mildews, and chocolate spo increased by maleic hydrazide, and 

should be reduced by 2,4-D an 

they are. , , . ,i,„,-norial and altemarial leaf spots an 

On the other hand, 2.4-D increases diem 

anthracnoses seem to be low sug disease, 2,4-D decreases 

Fusarial wilt seems also to be a lo & 


higrbut the effect wears off as sugar 

It at first when stem sugars B increases fusarial wilt 

levels fall. Maleic hydrazide, ^bly because malcic hydrazide 

(Waggoner and Dimond, 195D. P 

' , rfonri nloilC. 

reduces stem sugars. 


, that the sugar effects can stand alone. 
We have diincuiry dm high sugar diseases. In tins case 

Possibly the sugar effect is dire ^ ’I'l ifum 

sugar reduction could be duertly “ low 

on low sugar diseases is ^ehe. The pathogens that mduM 

sugar is a marker for . hhe the rusts and powdery mildews, 

sufar Ssease are sugar feeders correlated with low something 

It seems likely that low sugar mu 
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else, and that the low something else is related to low resistance We 
must search for tlie “somethmg else' that might account for resistance 
to rusanum and to the leaf spots mentioned 

Growth hormones generally mcrease the resistance of tomato plants 
to fusarial wilt For a senes of related growth regulants, Corden and 
Dimond (1959) studied the types of growth hormone activity with which 
chemotherapeutic activity is best correlated They showed that the 
ability of compounds to inhibit root elongation is well correlated The 
relation of tins hormone function to the nature of pectin composition of 
the host plant is suggested by this study 

Various chemicals of therapeutic promise against the Dutch elm 
disease are antagonistic to indoleacetic acid as judged by the pea epicotyl 
elongation test (Beckman, 1958) A good correlation was found between 
the inhibition of spnngwood development and suppression of symptoms 
And thus we end our story This is where our ideas of ‘Plant 
Disease Therapy stand today But, tomorrow — who knows? 
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b>, 45-1, 455 

Antimctabolilcs. a<J.on of. ^ 

Appio diseases. Independent Muiatm 
(liM-arcd organ*, 

\pplo jcab, ihcnpy of. j-1 

Apptalral. Jiicam-tce Diwaw 
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Appressona -xction of, 394 
diiirnal formation of, 527 
Araban, m primary cell walU, 155 
ArmtllaTta mellea, reaction of Gastwdia 
to, 266, 424, 425 

Aromatic compounds, biosynthesis in m 
fected plants, 375, 376 
Arthrobotnjs oltgospora, nematode catch 
mg fungus, 43 
Art of plant pathology, 3 
Ascent of sap, theories of, 333, 334, 335 
Ascochyta pm on peas, therapy of, 34 
Ascorbic acid oxidase system, relation to 
resistance, 32 

Asparagme, role in autonomy of tumor 
ceUs, 231 

Aspergillus, starch as carbon source for, 
158, 159 

Aspergillus niger on onion, effect of 
protocatechuic acid on 440 
production of oxalic acid on peanuts, 
169 

Assay of chemotherapeutants m plants 
585 

inahihty giant hiuiger dc- 
velopmg from 281 

Astegopteryx stryacophila on Stt/rox ben 
zotn, doral changes induced, 206 
Asterolecamum vartohsum gall indue* 
tion by, 214 

Aster yellows deformation of fruit of 
Cajophora 208 
effect on leaf position 198 
on sepals, 206 

induction of adventitious buds, 207 
Atmospheric pressure effect on predis 
position 531 

Aucuba mosaic, on tobacco light prcdis 
position, 531 

reduced mfection followmg tobacco 
mosaic, 542 

Autogenetic theory of disease 75 
Autonomy, crown gall tumor cells, 225 
Autonomy, of isolated nontumorous tis- 
sue m Nicoficna hybrids, 238 
Auxm, in crown gall, effect of gamma 
radiation on, 567 
m flower induction, 259 
m parasitized leaves, 193 
m rust infections, 377 


production by Taphnna deformans, 
199 

production by Ustilago zeae, 208 
relation to abscission, 262 
role in autonomy of tumor cells, 231 
Auxin activity, mterrelation nutrition, en- 
vironmental factors, 263 
Auxm content, in fruit setting, 263 
Auxm levels, effect on defense, 461 
of infection on, 193 
Auxm production, m flower parts, 263 
m root nodules, 219 

Auxm sprays, induction of partheno 
carpy, 251 

Auxm synthesis, requirement for zinc, 
263 

Auxm system, effect of ionizing radiation 
on. 568 

Auxins, as chemotherapeutants, 596, 597 
control of preharvest fruit drop, 264 
effect on genetic tumors, 239 
effect on size of crown gall tumors, 
233 

effect on sugar levels and disease re 
sistance, 597, 593 

role m attenuated and virulent crown 
gall bacteria, 233 

B 

Bacillus cereus, m sod causmg french 
ing symptoms, tobacco, 200 
Bacillus vulgatus, infection through 
stigmas Cucurbita pepo, 269 
Bacon, Francis, development of modern 
science 66 

Bacteria, cause of plant diseases, 87 
crown gall, attenuated strains of, 233 
hypersensitivity reactions to, 479 
pathogenic, contributions of E F 
Smith, 88 

phytopathogemc, pectic enzyme pro 
duction of 160 

role m fire blight, discovery of, 88 
role m olive knot, discovery of, 88 
root nodule auxm production m vitro, 
219 

stimulation of host cells, 217, 218 
rumen, cellulolytic enzymes, 148 
saprophytic, pectic enzyme production 
of, 160 
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soft rot, production of pectic enzyme, 
151, 160 

with latent virus, 550 
BacteTtu 7 n michtganense, m seeds, con- 
trol by ultrasound, 39 
Bactenum radicicola, plasmatic defense 
reactions to, 424 

Bactenum solanacearum, plugging o 
host vessels, 329 

Bactenum tumefacietis, see Agrobactcr 
mm tumefacienSy Crown gall 
Bakanae disease, effect on nee gram 
production, 196 

rice, Fusarium montltfonne, 193 
Gtbberella fujikuroi. 193 
role of gibberellins, 193 
Bakanae effect, growth response to m- 
fection, 192 - 

Baldwin spot on applci nutrition e » 

254, 255 ^ 

Banana, Sigatoka disease. . 

Barley, loose smut, therapy Y 
soaking, 572 . 

"scabby” grain, Gibercllc Jene, tox 
icity in feeds, 50 
Barricade tissues, 399, 400 
Basidiomycetes. hgnm 

wood rotting, hemiceUulose decompo 
sition by, 155 j 

Batatic acid, fonnaUon in black rot 
sweet potato, 377, 378 
Bean mosaic, transmission by P 

268, 269 _f. 

Bean rust, Uromyce, 

feet on respiration, j 

Bean susceptibility to viruses, eltect 

turgor, 541 fonnaUon, 

Beech, cellular chang 

Aflkiokr fagh adventiUoos 

Begonn. 

shoot 443 

Benzoic acid m resis ’ effect on 

BenzothiazoleB^xyaceUoaad, 

fruit set, p4 nance to Bnc- 

Berhern. mechanical resist 

cm, a graminu, ■iM 

Bela radiation, 

Binomial „ plant patholoo. 

Biochemistry, relation 

31 


Biochemistry of changes m bssues, from 
hypersensitivity reacUons, 484, 485 
Biochemistry of defense, 435 
Bioades, selective action of, 35 
Black leg, reactions of potatoes to, 27 
Black rot, sweet potato, compounds m 
infected plants, 377, 378 
sweet potato, effect on respiration, 

301 „ , 

Blackfire, tobacco, effect of interceUuIar 
humidity on, 568 

Blast disease, nee, reaction to invasion 
by pathogen 415, 417 
Blight, mechanisms of pathogenesis, 171 
symptoms of, 171 

Blossom end rot, tomato, nuUient tela 

nons of, 573 

Blossoming, requirement of boron, 255 
Boletus, niyconhiza, 28 
Bordeaux mixture, control of downy 
mildew, 84 
discovery of, 84 
use on potatoes, 84 

Bore holes, stems, admmisUation of 
chemotherapeutants, 58U 
Boron, effect on disease, SM 
effect on pollen germmaUon, 
:^„tme't for blossoming, 

Boron deficiency, effect on fm, IS, Jo 
Botany begmnmgs of, 62, 65 
Bl.ryospl.oeru. on apple, age suseepu- 
hiiitVi 526 - « 

Borryosp/iecrln "‘n, producUon of cel 

lulase, 163 

„„ appl heatmduced susccpUbilUy. 

nnh^dnuihution^ofradio-clcmciiu 

m mfecUons. -9- 

“•‘“u"b:S7o S Snstur. 530 
let oredisposiUon to, 531 

ultravaolct 53 I 

prXosiUonhl 
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on lettuce, vigor predisposition to, 538 
on lelUice and tomato, light predis- 
position, 531 

on potato, susceptibibty to, 530 
on rose, therapy by prvaimg, 565 
physiology of parasitism, 87 
senescence predisposition, 538 
susceptihihty of Eucharw to, 54L 
toxin production by, 369 
Botrijtis sp , lily disease, action on ccU 
walls, 161 

Botrytis allii, effect of griseofulvm on, 
585 

reaction of Impatiens balsanitiiea to, 
478 

Botrytts anthophila, seed coat infection 

by, 267 

sporulation on stamens by, 270 
Botrytis cmerea, apple tissue decay, 162 
conditions of pectic enzyme produc- 
tion by, 330 

effect of sugar levels on infection, 540 
effect on permeability of host cells, 
283 

in temperature injured grape inflor- 
escences, 264 

mechanism of killing cells, 164 
on bean, temperature and hypersen 
sitivity, 491 

on cabbage, peroxidase activity m, 
369 

production of cellulase, 163 
respiratory increase of cabbage by, 
352 

swellmg of pea cells m response to, 

416 

tissue disintegration by, 180 
toxin, effect on respiration of leaves 
357 

Botrytis fabae, fuiigitoxic components of 
apple leaves, 443, 444 
role of phenols m resistance to, 444 
Bread, effect of plant disease on, 9 
Bremui lactucae, on lettuce, effect on 
respiration, 299 

environmental requirements of, 306 
307 

Brown rot, potato, reactions of hosts to 
27 


Brown rot fungi, effect on tensile 
strength of cotton, 177 
Brown rots, effect on cell walls, 175 
Browning, in defense, 428 

vascular system, effect on water flow, 
331 

Brtuifclsius, Otto, herbalist, 65 
Buds, adventitious, induced m stigmas 
by virus infections, 207 
Diint, wheat, early studies, 69, 70, 73, 
82 

fungicidal control, 35, 73, 74, 78 
Biints, genetic basis for resistance to, 4 18 
Bursting of spores, 440 
Bushy stunt, on Ntcottana gluttnosa, 
hg\iV piedisposilion, 531 
susceptibility and soil moisture, 530 

C 

Cabbage, club root, nature of hyper- 
trophy, 220 

Cadmium, effect on hypersensitivity re- 
action, 494 

Cacoma mdkinoi on Japanese plum, in- 
duction of phyllody, 206 
Calcium, effect on disease, 533 
influence on carbohydrate transloca 
tion, 255 

role in middle lamella, 263 
Calcium deficiency, effect on flowering 
and fruit, 255 

Callosity, as defense device, 419 
Callus, effect on defense, 416 

wound healing, chemotherapy, 572 
Cambium, action of toxin on, in chest- 
nut blight, 165 

dismtegration in canker disease, 165 
Canker, origin of term, 145 
type of lesion, 165 
Cankers, role of enzymes in, 165 
Captan, 34, 582 

Carbohydrate balance, effect on disease, 
536 

wheat, Erystphe grammis infection, 
285 

Carbohydrate metabolism, role of potas- 
sium, 254 

wheat, Erystphe grammis infection, 
285 
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Carbohydrate Nitrogen ratio, 252 
Carbohydrate requirement, for conidio- 
phore formation, 306 
Carbohydrate translocation, influence of 
calcium, 255 

Carbohydrates, effect of rust infection on, 
290 

on reproductive organ development, 

253 

m formation of cell walls, 263, 264 
m host, relation to susceptibility, 497 
in metabolism of obbgate parasites, 

285 

photosynthetie product, 278 
Carbon, radio, accumulabon m infected 

tissue, 292, 360 

accumulation, cellular, in hypersen* 
sitivity reaction, 489 
Carbon balance, Erysiphe grammis in- 
fected wheat, 280 a ^ n 

Carbon dioxide concentration, eflect on 
hypersensitivity reaction, 49 
Carbon Nitrogen ratio, relation to Irui 
drop, 264 , 

CarboxymethylceUuIose. breakdown oy 
microorganisms, 148 
S^^fmduction of adventitious 

buds m stigmas, 207 
Cassava mosaic, effect on 
Catechol, effect on disease resistance. 

548 1,0 

m onion, role m tempera- 

Cauhflower mosaic, ettect 

ture on ^ j 5 ^ 

Celery, Septona, effect 

on, 569 „<r,fivitv reaction 

Cell collapse. hypersensiUvity 

to virus causing, ^ g^,, on. 

Cell division, effect of ivater 

317 228 

m crown gall tumor deficit 

Cell enlargement, effec 

on, 317 c nutrient do* 

Cell metabolism, effec 

ficiencies on, relations. 

Cell nutrition, host i 

279 . , effect of temperature 

CeU ns.ty, 

and light intensity. 


Cell wall, effect on resistance, 392 
CeU wall constituents, 147 
Cell wall degradation, by Fusartum 
oxysporum f vasinfectum, 173 
CeU wall structure, effect of wood de- 
cays on, 174 

Cell walls, breakdown of pectic sub- 
stances m, Pseudomonas solana 
cearum, 172 

change by enzymatic hydrolysis, wood 
decay, 175 

decomposition of, 148 
dissolution of, by Sclerotmta Ubertt 
ana, 161 

effect of rots on, 175 

enzymatic dissolution of, m blights, 

171 

pectic substances m, 150 
penetration by Botrytts, 161 
Cells, autonomy of, non-self-umiting 
tumors, 222 

death by toxic substances, 15B, lej 
entry of virus into, 547 
host, hunger mechanisms, 281 
morphogenetic effects m gall fo™- 
tion, 213 

named by Robert Hooke. 66 
nature of disintegraUon. 146 
normal, transformaUon to crown gall 
tumor cells, 232 

CeUobiase, m cellulose hydrolysR 147 
Cellobiose, from hydrolysis of ceUolosc 
148 

CeUulasc. Cj enzyme, 148 
Cx enzyme, 148 
electrophoresis of, 149 
from Myrothecium. 149 
production by apple rotting fung.JW 
by canker producing fungi, 
by Ceratocystis ulmi, 173 
by Chdosponum cucumcTinuni. 
by Colletolnchum, 166 
by Fusartum oxysporum f ' 

jjcl, 173 - 

by Polyporus palusins. Hi 
by Pseudomonas solanacearu^. 
bv VerttetUtum alboalrum, 1-J 
Cellulose. cnz>mcs m 

hydroI>sis of, molticnzjmatic 

148 
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Spwellvng factor, 148 
unienzymatic theory, 147 
mechanisms of breakdown, 146, 148, 
18L 

steps m degradation. 147 
structure of, 147 

Cellulose covering, of hyphae, 423 
Cellulose cushion, in defense, 423 
Cellulose decomposition, effect of \ignm, 
149, 176 

Ccloiia inherited fascntion, 210 
Ccphalosparium grefiatum on soybean, 
impaired water movement m stem, 
328 

Ccrafocijstw, on dm, effect of defolia 
tion, 536 

light predisposition, 531 
Ccratocyitis fagacearum, oak wilt, effect 
on cell walls, 172 
tylosis formation m oak, 412 
Ctrotocyytis ulmi, Dutch elm disease, 
effect on cell walls, 172 
effect of pH on toxin fonnation, 575 
elm, therapy of, 575 
enzyme production by, 173 
persistence in symplomlcss trees, 580 
Ccratoiiomella fimbmta, effect on res* 
piration, 301, 358, 378, 379, 382 
fungitoxic substances in infected IIS' 
sue, 453 

hyperscnsitisity and respiratory in- 
crease 381 

increased respiration of host by, 352 
on svscct potato, accumulation of as- 
corbic acid, 369 

.iccumulation of met ibolitcs, 376 
effect of dimtrophcnol 304 
effect on organic phosphorus, 301 
effect on protein syaitlicsis, 361 
uncoupling action of iponicamironc, 
301 

Ctrcos}>ora, liost rcaciion to, 170 
Ctfcojpora bclicohi, in seeds, control by 
ultrasound, 39 

infection through stomata. 398 
resistance to, role of diffusible inhibi- 
tors, 112, m 

sugir iHxt, coik fonintion, 107 
Cirroi/xira mttsae on banana, cpidcnuc, 
17 


Cereal diseises, estimating disease in- 
tensity, 126 

Cereal rust, effect on food supply, 48, 49 
intensity loss tables, 137 
pictorial scale of disease intensity, 124 
Chalara querctna, oak, tylosis formation, 
412 

Cfiarge, electric, effect on chemothera- 
peutants, 578, 579 
Chelabng agents, toxins, 291 
Chemistry, in plant protection, 33 
relation to plant pathology, 33, 43 
Chemistry of defense, 435 
Chemotaxis, 443 
Chcinotherapeutants, 570 

absorption by stems, 580, 581 
acetylated phenols as, 595 
activation m plants, 587 
administration of, 577 
adsorption m soil, 577 
imides as, 595 
antibiotics, oak wilt, 594 
eaptnn, cucumber scale, 582 
decomposition by fungi, 578 
decomposition m soil, 577 
detection in plants, 585 
detoxication in plants, 586, 587 
diammoazobcnzcnc, 589 
4,5 dimethyl thiazolyl 2-thioglycolate, 
580, 581 

effect of charge, 578, 579. 585 
on hypersensitivity reaction, 494 
of plants on, 586 

entry into plant, 578, 579, 581, 582 
esters as, 595 
excretion of, 588 
growth rcguhnts as, 596, 597 
iidf-lifc, m plants, 586 
iiucrobnl, 576, 577 
mode of action, 588 
S-quinohnol, 589 
resistance of pathogens to, 590 
sodium bcnzothia2olyl-2-thiogl> col \t c, 
582 

specificity of, 576 
s>ntficsts of, 595 
synthetic, 593 
s)stcniic antibiotics as, 593 
translocation, 58-1, 588 
Chcmothcrap>, 15, 30. 570 
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bleeding canker, maple, 589 

chocolate spot, bean, 593 

Dutch elm disease, 582, 589 

formaldehyde, 571 

Fusartum, tomato, 578 

mactivation of vivotoxins, 588, 589 

late blight, potato, streptomycm, 591 

lime sulfur, 571 

mercuric chloride, 571 

modifymg pH, 575 

natural, 590 

organic mercury, 571 

relation to growth regulant acbon, 598 

selective accumulation, 576 

sodium dmitrocresylate, 571 

systemic, 570, 572 

fungicidal action, 589, 590 
topical, 569, 570, 571 
Cherry, sweet, effect of grafting on is 
ease susceptibility, 541 
Cherry buckskm. control by grafting, 

545 

Cherry leafspot, cycloheximide seiiucar 

bazone m therapy, 593 , v 

Chestnut blight, disinfection of seeds oy 
infrared, 39 

Endothio parasitica, toxin pro 
by, 165 

spread through population, 

Chlorella, effect of wildfire toxin on. 2y4 
4-CMoro 3,5 dimethyIphenowa«‘«' 
acid, callus formation. 5 

Chlomform, effect on defen^_ 493 
effect on hypersensitivity 
Chlorogemc acid, m de ens , 
in disease resistance, 4 , 

p Chlorophenoxyacetio ac. , 

fruit production ton ata«, 
ester, effect on fruit se , 
p Chlomphenyl rhodanme, root 

therapy, 565 infections on. 

Chlorophyll, effect of rust ml 

293 , , r furl 19^ 

loss of, m peaeli 1 “' W'-oo' 

tobacco, effect of Pmo 

mfection on £ m infcc- 

CMoroplasts. destruction 

tion, 288 reaction to 

effect of 

VITUS on. 478. 


Chlorosis, produced by wildfire toxm, 

157 

Chocolate spot on bean, as high sugar 
disease, 597 
therapy of, 593 

Chrysanthemum aspermy, deformaUon 
of flowers, 268 

Ctborta caruncoloides on mulberry, 
floral mfection, 267 

Cicatnce, effect on defense, 402 

Cladosporium, effect on embryo m tran 
sitioml infections, 266 
of tomato, on Datura roots, disposi- 
tion to disease, 541 

Cladosponum carpophilum, cork reac- 
tion of peach frmts to, 407 
shothole reaction of Prums amygda 

lus to, 409, 410 

Chdosportum cucumertnum, cellulase 
production of, 165 
cucumber scab disease, dry ret, 164 
gum reaction of cucumber to, 413, 

neerotetous defense against, 427 
wall Aickenmg of host on mvasion, 

Cteforptnum herbarum mvasion of to 
mato fruits by, 265 

Chdospormm pm. m legume abnor- 
malities, 264 

Classification, by microbes. 11 
by process affected, 12 
by symptoms, 10 

CflS^pormm 

reaction to, 409, 410 477, 460 

Clamecp*. ivbeat, predisposition by - 4 

dichlorophcnoryicctic acid, W 1 

ctmieepr pmpeii, effect on Oorct forma 
tion, 268 r 4 w* 

Ctoicepr 270 

Jower infection, 209, -67. -60. 
evasion of young tissue by, -71 
oscnimtenng of, 267 
relation to ergotism, 50 

msasion by Uo.heo 

Cbmactcnc, respiratory increase durmg. 

>’1' 

(lew, 117 
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ssvect, wound tumor disease, effect of 
hereditary constitution, 234 
Club root, functional failure of roots, 
220 

infection by penetration, 22L 
nature of hypertrophy, 220, 221 
Coccomijccs hiemalis, therapy of, 593 
Coccomyces prunophorae, corl, reaction 
of Prunus domcstica, 4Q8 
cicatrice formation by Prunus domes- 
tica, 407 

Coccus oleae, olive, pseudodrupe induc- 
tion by, 252 

Cochltobolus miyabeanus, on rice, in- 
creased respiration, 352 
nutrient effects on mechanical re- 
sistance, 401 

Coenzymes, essential nutrient constitu- 
ents oK 280 
Coffee rust, 87 

effect on coffee production, 47, 51 
on social habits, 51 

Cohesion theory of water conduction, 
333 

Cold, effect on flower parts, 258 
Collenchynta, effect on defense, 400 
CoUetotrtchum, on bean, wounding pre- 
disposition, 534 
cellulase production by, 166 
effect of low sugar levels on infection, 
540 

lesion production m anthracnose, 166 
pectic enzyme production, 166 
Colletotnchum sp , tobacco anthracnose, 
production of town by, 166, 167 
Colletotnchum circtnurw on onion 

chemistry of resistance, 32, 498 
pigments in defense, 439 
CoUetotrxchum falcatum, on sugar cane, 
heat mduced susceptibibty, 528 
Colletotnchum hndemuthianum, on 
bean, susceptibility to, 520, 528 
hypersensitivity reaction of Phaseolus 
to, 477 

specificity of phytoalexms for, 502 
Colletotnchum hn{, flax anthracnose, 
formation of cellulase, 168 
Colletotnchum Itmcoluni, hypersensi 
tivity reaction of Ltnum to, 477 
Colletotnchum phomaldes, pectinolybc 


enzyme production by, 166 
ColletoMchtim trifolu, on clover, age 
susceptibility, 526 

Collybm t/cluUpcs, cellulose decomposi- 
tion by, 147 

Compatibility between pathogen and 
host, 161 

Compost, effect on disease, 539 
Concatcnitc diseases, 265 
Condition, not disease, 5 
Conduction, dysfunction of conductive 
elements, 328 
vascular, 328 

Conductivity, effect of wilt disease on, 
340 

electrical, of tissues, effect of hyper- 
sensitivity reaction on, 488 
Comdiophore formation, carbohydrate 
requirement, 308 

Control, wheat bunt, fungicidal, 78 
Copper, deficiency m meadow grasses, 
effect on feeds, 51 
effect on disease, 533 
on resistance, 536 
on subenzation, 543 
Copper salts, action on wheat bunt, 74, 
82 

see also Copper sulfate 
Copper sulfate, as seed treatment, early 
use, 78 

production for fungicidal use, 34 
Cordus, Valerius, herbalist, 65 
Cork, m defense, 398, 402 
Com pollen, cause of leaf bleaching, 
tobacco, 272 

Cortex, dismtegration of, 165 

stem, necrosis m damping off, 167 
Corynebactenum on tomato, effect of 
soil moisture on susceptibibty, 531 
Corynebactenum diphthenae, biosynthe- 
sis ul tuxm in, 353 , 
Corynebactenum fascians, auxm de- 
struction in host, 205 
mduction of fasciation, 210 
Corynebactenum michtganense, adven- 
titious roots on tomato, 201 
latent seed infection, tomato, 265 
pectic enzymes produced by, 172 
Corynebactenum sepedomeum, pectic 
enzymes produced by, 172 
potatoes, fluorescence of lesions, 39 
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Conjnespora cucumermum, hypersensi 
tivity reaction of CuCHinis to, 477 
Coryneitm hetiertncktt, pericarp, stone 
fruits, 265 

Cotton, destruction by bacterial blight, 
47 

tensile strength of, effect of fungi, 177 
Cotton wilt, fluorescence in, 339 
Coumarins, accumulation, in infected 
plants, 375 

fluorescence m diseased tissue, 39 
role in disease resistance, 380 
Cranberry false blossom, adventitious 
root formation, 201 
effect on sepals, 206 
Cronortium, currant, effect of day length 
on susceptibility, 531 
Crop culture, destruction by disease, 109 
Crop sampling, methods, 128, 129, 130 
Crop yield, relation to prices, 107, 108 
Crops, appraisal of yield, 103, 105, 119 
statistical demand curves, 108 
yield forecasts, 114 
Crotalana, antholysis, virus mfeclion, 
207 


Crown gall, 225 
autonomy of cells, 225 
recovery from, 240 
secondary tumors, 225 
stimulation of adventitious roots 

Kahnehoe and tomato, 201, 2UJ 
sunflower, growth m culture ntedmin, 

tomato, radiation therapy, 56' 
transplants to healthy 5® ’ 
tumor inducing principle, ^ 

Crown gall bactena, attenuated strains 

proluSon of 

role in alteration of h»t ce^. „ 

Crown gall disease, plants 

with animal tumms^2^^^^^_^ of 

Crown gall 229 

tobacco pitli ^ .* 228 

factors 226 

morphological stmiulatmg >uh- 

production of 

stance b>. - “ of abnor- 

Ccumber mosaic, prcxl 


reduced mfection foUowmg Erystphe, 
542 

Cucumber scab, systemic fungicides for. 


593 

Cucumber scab disease, Clcdosponum 
cucumermum, dry rot, 164 
Cucumber scale, chemotherapy, 582 
Cucumbers, enzyme factor m softening, 


163 

Cucumts satwus, hypersensitivity reac 
tion to Corynespora, 477 
Ciicurbtia pepo Bacillus vulgatus infec- 
Uon through stigmas, 269 
Culture, effect on disease, 525 
Culture filtrates effect on disease re- 
sistance, 505 

Culture methods, microorganisms, early 
development of, 74, 82 
Curling, leaves, disease symptom, 198 
Curvukna. turf, effect of moisture, 569 
Cuticle, dysfunction, m wilt, 341 
effect on defense, 392 
inalurmg fruits, infection through, 

269 


penetration through, 392 
yamde as toxin, 441 
ycle, life, of smut fungi description 

of, 82, 83 

ycloheximide, effect on rust, 525 
lialf-Jife m cherry. 586 
, cion, urn oleagmum. on olive, starva 
tion from defolntion, 279 
ibndrocarpon ehrenbergi. cork reacUon 
of legumes to, 409 
rtidyhc acid, role in autonomy ot 


7 actylella spp . nematode catching fun- 

yub^’, Ifclion on flon.1 bud deveb,.- 
nient, 260 

3 ainping-off, 187 j,r,n 

Jiinpuig-off fungi, enzyme ptodurtion 

by, 167 

toxin production by, 168 
toptcliplm on larob, cold predopod 
tion to, 529 , 

datura stramomum, clionges m 
capsules, ctcli s-irus, 203 
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of niicromilncnU on, 533 
of mineral nutrients on, 538 
of narcotization on, 545 
of nitrogen on, 532 
of nutrition on, 532 
of phosphorus on, 532 
of potassium on, 532 
of soil moisture on, 525, 539, 544 
of sugar on, 522, 539, 541, 544 
of sulfur on, 533 
of turgor on, 541 
of vernalization on, 529 
of water soaking on, 530 
of wilting on, 541 
of X-radiation on, 531 
on biotic complex, 102 
on fluctuations in crop yield, 105 
on host nutrition. 277 
on osmosis, 340 
on transpuation rate, 324 
enzymological aspects of, 351, 352 
first proof of role of microorganisms, 
73 

frequency of occurrence, 107 
germ theory of, 67 
hunger aspect of, 279 
importance m early crops, 107 
in reproductive organs 250 
methods for measuring, 119 
nature of, 5 
parasitic theory of, 76 
process of, 7 
proneness to 521 
proof of contagious nature, 69 
relation of environment, 80 

to injury, 7 

to plant population, 101 
theories of water flow m, 333 
transmission of, 0 
virus— see virus disease 
Disease appraisal, crop sampling, 128 
economic effects of disease, 119, 139 
forest, 113, 125. 126 
intensity measurements, 120 
methods of sampling, 127 
objectives, 118, 127 
of crop losses, 119 
standards, 119 
statistical treatment, 120 
use of color photography, 130 


Disease control, and predisposition, 545 
Disease development, dynamics of, 112 
Disease intensity, coefficient of injury, 
136, 137 

correlation of symptoms, 124 
with yield, 114, 135 
descriptive scales, 122 
determinations, 131, 132, 133 
estimate of, 117 
loganthmic scales of, 123 
recorded as per cent, 121 
regressions, 138 
loss ratio, 131, 133, 134 
tables, 137 

Disease loss, correlation with potential 
yield, 105 
cumulative, 105 

Disease-loss appraisal, effect of defolia- 
tion, 134, 135 

Disease loss calculations, large regions, 
138 

Disease losses, effect of genetic uni- 
formity, 272 
hidden, 104 
m products, 103 
need for data, 140 

Disease prediction, m agriculture, 115 
Disease resistance, 14, 391 
breedmg for, 85 

Disease severity mdex, for large areas, 
127 

Disease surveying, use of infection in- 
dex, 126 

Disease surveys, importance of, 116 
Disease symptoms, fruits, effect of po- 
tassium excess, 254 
Disease tempo, 112 
Disease type, and predisposition, 546 
Diseases, and poisoning of food, 50 
antiquity of, 62 

chronic, relation to crop yields, 112 
effect of envuonmental conditions on, 
41 

on food production, 47, 48 
on history, 53 
on land use and value, 106 
on yield and quality, 106 
endemic, destructiveness of, 107 
high sugar, 597 

infectious, effect on reproduction, 265 
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low sugar, 597 
naming of, 13 
nutntional, 252 

pathological processes of, 13, 14 
pericarp, influence on seeds, 250 
physiogenic, 86 

physiological abnormalities, 110 
post-harvest effects, 110, IH 
processes affected by, 14 
social effects of, 8, 48 
useful, ergot of rye, 103 
pme trees, flow of resm, 103 
vegetative, affectmg reproduction, 266 
virus, host recovery from abnormal 
growth, 240 

Dismfection, relaUon to therapy. 564 
Dismtegration, cellular, nature of, 146 
tissues, 159 

early concepts, 145 
Dispersal, spores, effect of wind, 42 
Dissociation, relation to fungitoxiciiy. 


582 ,Qo 

fistortion, leaves, disease symptom. lOa 
)ormancy, incomplete winter, caused 
by witches'-brooms, 204 
woody plants, effect of photo indue 
tion, 259 

)osis curativa, 571 
3osis tolerata, 571 

:)othichiza on poplar, release of toxins, 
predisposition by, 540 

■SLrtrX^nihhecpo, 

:":X’cLs. cold piediipetitiou 
tly mildew, grape, seriousness of. 

rmildews. genetic bans fur ,«»t- 

ance to, 448 

^ersensitive ,„doction, 

sutecp/iufa^P 215 

sugar cane, ejna 
ught, effeet 164 

rots, type of j ccratofl/rtu uftiu, 

*attre“S»f m 

enzyme ^'“‘{“‘““uols on, 593 
trect of gto»4h regu 


therapy of, 575, 580, 581, 582, 589 
vascular discoloration in, 590 
Dynamics of defense, 449 


Early blight, reacbons of hosts to, 27 
Eau Gnson, discovery of, 79 
Eelgrass, “wasting disease ’ of, effect on 
marine ecology, 102 

Electivity, of pathogens, for host Us- 
sues, 270 
Electrodustmg, 38 

Electron microscope, use in virus stud- 
ies, 40 

Electrophoresis, cellulose, 149 
Elongation, intemodes, response to fun 
gal infection, 192 

Elstnoe, cicatrice formation by host m 
response to 402 

Elstnoe aralioe, cork reactions of hosts 
to, 407 

Emboli, gas, effect on water flow, 333 
Embryo mfeebons, 267 
Usitlago, 267 

Endoconidioplwra fagacearum, tylosis 
fonnabon m oak, 412 
Eiulophpttum sempemu. effect on 

content, leaves, SemperMum 

effects on houseleel., 192 
Endopolygalactuinnase, 151 
Endopolymethylgalacturonase I, 151 
Endopolyroethylgalactumnase II, 151 

Endolberapy, 569 

Endothm parasitica, chestnut^ blight, 
toxm producUon by, 163 
cork formation by chestnut, reaction 
to, 407 

dxsmfecbon of seed by mfrared 3J 
tylosis formation in chestnut, -it- 
Endozerosis, lemon, water relations el, 
569 ^ 

Energy, for ssatcr absorption, 3-0 
Entomology, relation to plant pathology. 
30 

Entry, effect of shading on. 5o0 
of water soaking on,^550 
of s-uus, into cells, 547 
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Entylotna ortjzae on rice, mechanical re- 
sistance to invasions, 400 
Environment, relation to plant diseases, 
86 

Enzymes, activation of, infected tissue, 
361, 363 

ascorbic acid, 368 

ascorbic acid oxidase, wheat, effect of 
rust on, 32 
blocking of, 293 

cellular, changes during hypersensi- 
tivity reactions, 484 
cellulolytic, effect on permeability, 

340 

on water flow, 329 
cellulose degrading 147 
concentration of, relation to respira- 
tion rate, 354, 367 
copper, activation of, in infected 
plants, 368 

cytochrome, 368, 369, 370 
effect on growth, 191 
on permeability, plasma membrane, 
283 

flavoprotein, activation of, ici infected 
plants, 369 

glutaminic acid decarboxylase, wheal, 
effect of stem rust on, 32 
glycolic acid dehydrase, wheat, effect 
of stem rust on, 32 
oxidase, terminal, 367, 368 
oxidative, role in disease resistance, 
498, 499 
pectic 150 151 

effect on water flow, 329 
natural inhibitors of, 163 
of yeast, 152 

production by bacteria, 160 
production by Colletotnchum, 166 
relation to wilt, 304, 323 
role in maceration, 180 
pectolytic, effect on permeability, 340 
polyphenol, 368 

polyphenol oxidase, activation of, ui 
infected plants, 369 
production by damping off fungi, 167 
by fimgal haustoria, 295 
by root and foot rot fungi, 168 
proteolytic, 158 


resijuratory, inhibitors of, effect on 
disease resistance, 32 
role in hypersensitivity reaction, 

487 

role in plant discise, 304, 351, 352 
111 wood decay, 176 
Enzyme complexes, host, action of para- 
site on, 295 

Enzyme formation, wood decay fungi, 
eirly work on, 177 

Enzyme systems, activation of, 387, 368, 
369 

control of photosynthesis by, 278 
Epidermis, effect on defense, 392 
plasma, resistance in, 391 
Epinasly, 322 

induction by pathogens, 197 
role of ethylene m, 197 
Equilibrium, dynamic, normal plant, 

190 

Eradication, as control measure, 85 
Ergot, rye, medical aspects of, 10, 103 
Ergotamine, formation of, m ovary, 270 
Ergotism, convulsive, 50 
decline of, 9, 10 
severity of, 50 

Erwtnta. apple susceptibility to, mois- 
ture content, 530 
carbohydrate requirements of, 159 
lettuce susceptibility to, effect of age, 
526 

potato susceptibility to 526, 528, 530 
Eruimta spp , cellulasc production by, 
161 

Erwtnta amylovora, attraction of flowers 
for insect vectors, pathogens, 269 
on pear, susceptibility to, 530 
penetration of floral organs, 269 
resistance to antibiotics, 596 
Eruimui aroideae, mechanism of macera- 
Uon by, 163 

pectic enzymes of, 152, 160 
Erwtnta atroseptica, on potato, tuber 
rotting after irradiation, 568 
pectic enzymes of, 160 
Erwtnta carotovora, cellulase from, 161 
effect of pressure on susceptibility to, 
531 

on potato, tuber rotting after irradia- 
tion, 568 
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tissue breakdown by, 159, 160 
Entmia chrysanthenu, pectic enzymes 
from, 160 

Erwinta maydis, cellulase from, 161 
pectic enzymes from, 160 
Erwmta phytophthora, production of hy- 
ponasty, 197 

Erwinia tracheiphila, effect of zoogloeie 
on wilting, Curcurbits, 304 
Erysimum chetranthotdes, nature of hy- 
pertrophy, club root, 220 
Erystphe, hypersensitivity reactions to. 


474 

on barley, effect of silicon nutrition 

533 

predisposition by herbicidal oils, 

537 

sunflower, predisposition by boron 
533 

on bean, effect of osmotic pressure on 
infection, 533 
effect of soil moisture, 525 
predisposition, 534, 538, 542 
on Bromus, predisposition by organic 

solvents, 537 

on clover, effect of sugar nutrition, 
540 

on cucumber, reduced infection of 
cucumber mosaic virus after, 542 
on lettuce, susceptibility, age, 526 
on wheat, effect of host nutrition, 


532, 533 

effect on phototynthesw, ^ 

reduced infection following Tiffeno, 

and cowpea, pH effert, , 

Wipfie cwlwmceamm, effect of lithium 
nutrition on, 534 
hypersensitive reaction to, n 
rpsiplie gramme, “fr 

radioelements in host, ana 
effect of host °%„Tent on. 

of preinoculation 

™ „ 093 299- 

on respiration, -90, 

332, 335, 486 

295 


genetics of hypersensitive reaction, 
482 

on Bromus, heat induced susceptibility 
to, 528 

on wheat, blocking of Pasteur effect, 
301 

carbohydrate metabolism, 285 
carbon balance, 288 
environmental requirements of, 306, 


307 

penetration of non hosts, 478 
Erystphe polygont, effect of soil moisture 
and nutrition on, 539 
effect on transpiration of host, 335 
hypersensitive reaction to, 474 
on beau, heat induced susceptibility, 

528 

Eschertchta colt, streptomycm requiring 

strains of, 585 

Esters, as chemotberapeutants, 59o 
Ethanol, effect on defense, 460 
Ethylene, epmastic growth response in 
tomato plants with Fusarium wit. 
197 

inhibition of seed genmn_ation, 251 
production by pericarp, 251 
Ethylene bisdithiocarbamate, effect on 
potato yields, 34 

Buchans susceptibility to Botryfis, effect 
of turgor, 541 

Euphorbia cmmmias, effect oSUramijccs 
pist infection on leaves, 19- 
elongaUon. stems, response to Uro 
myces infection, 192 
European canker on apple. Ncclria gal 
bgena, callus tissue formation, 
Exclusion, as control measure, 85 
chemical, 444 

Excretion, chemothcrapeutants, 5S» 
Excretions, from flax rooLs, effect on de- 
fense, 441, 442 

from leaves, as defense dcvic-c, -!•*-. 
443, 444 

Exobastdium oxijcacct, on cranbcn>, 
mcsophyll deformation, 336 
Exopolygalacluronase, 151 
Exopolymtlhylgilacturonase. 151 
Extension scnicc, foniution of. J 
Exudations from leaves, effect of will o'>. 
322 
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Fnmme, relation of plant disease to, 49 
Fasciation, classifications of, 209, 210 
genic, 210 

induced by Corynbactertum fasctans, 

210 

by X-irndntion, 210 
Fertilizer, effect on defense, 400 
on disease, 524 

Festuca sp , on Angumn agrostis^ effect 
on feeds, 50, 51 

Filtrates, culture, effect on discisc re- 
sistance 505 

Fire blight, effect of intercellular hu- 
midity on, 568 

on pears, effect of low nitrogen fer- 
tilization on, 545 
thenpy of, 545, 565 
Fischer’s rule, 252 
Flagging, of leaves, 317 
Flavobacterium, on potato, susceptibil- 
ity and moisture content, 530 
Flax, anthracnose, Colletotrichum I iit 
celluhse production by, 166 
Flax roots, excretions of, effect on de- 
fense, 441, 442 
Fhx rust, races of, 25 
Flooding in)ury, to leaves, 321 
Florigen synthesis, inhibition by 2 4 
dinitrophenol, 259 
Florigens, flowering hormones, 259 
Flower deformition, chrysanthemum 
aspermy virus, 268 
F\ovi>er miertion, Claoiccps purpurea, 
270 

Flower infections, stone fruits, 269 
Flower initiation {actors influencing 253, 
259, 261 

Flower organs growth changes m dis- 
ca<;e, 205, 207 

Flower parts, effect of infection on, 206 
of low temperature on, 258 
Flower pathogens, 266 
Flower pnmordia, attack by fungi, 267 
factors affecting, 250 
Flowering, effict of calcium deficiency. 
255 

of gibbtrtllic acid on, 196 
of gibbcrtllins from Cibbcrclla /uji- 
knrol infection, 266 


of infection on, 192, 193 
of iron deficiency, 255 
of magnesium deficiency, 255 
of tomato big-bud virus on, 196 
herbaceous plants, effect of photoin- 
duction, 259 

initiation of, effect of temperature, 257 
Dowering hormones, florigens, 259 
Dowers, double, in Rhododendroti fer- 
nigmeum, gnats, 205, 206 
m Valertanella cannata, by mites, 
205 

fungi on, 267 

metamorphoses of parts, by fungus 
infections, 206 

pistillate, stimulated development by 
Ustilago scabwsae, 208 
Fluorescence, m cotton wilt, 339 
ultraviolet, use m diagnosis, 38 
Foliage, entry of chemotherapcutanls, 
581, 582 
necrosis of, 169 

Food, poisoning by plant diseases, 50 
Foot rot fungi, enzyme production of, 
168 

Foot rots, 168 

Forecasts of crop yields, 114 
Forecasts of disease losses, 115 
Forest disease appraisal, 113, 125, 126 
Forest pathology, foundations of, 83 
Frenldmicila msuleris, vector of spotted 
wilt virus, 31 

Frcnching histology of affected leaves, 
tobacco, 199 

tobacco, physiology of, 200 
Frost, effect on disease, 545 
Frost injury, effect of infection on sus- 
ceptibility to, flowers, 258 
Fruit, fungi on, 266, 267 
hypertrophied, produced by Taphrma 
pruni m Prunus, 208 
Fruit diseases, estimating intensity of, 
124, 126 

Fruiting effect of temperature range on, 
257, 261 

Fruits, infections through lenticcls or 
cuticle, 269 

maturation of, changes m food re- 
serves, 250 
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modification by disease, 208 
parthenocarpic, 251 
underdeveloped, 251 
Fuchsius, Leonhardus, herbalist, 65 
Funujgo, olive and citrus, defoliation by, 

279 

Fungi, acceptance of role as pathogens 

77, 78 

bmomial nomenclature, 72 
dampmg-off, 167 

effect of infection by, on floral parts, 
206 
fossil, 62 

hypersensitivity reactions to, 473, 475, 
476 

methods of culture, development of, 

74, 82 

obligate biotrophic, definition, 473 
polymorphism of, discovery, 77 
proof of reproduction m, 37, 68 
seed-borne contaminants, 268 
smut, life cycles, description of. HA 

83 

Fungi mperfecU, races of 25 
Fungicide, Bordeaux mixture, discovery 
of, 84 

sulfur, discovery, 79 

TeTL^Vg wheat «,H 78, 

Fungicide application, 

Fungicide evaluaUon, use 

index, 126 , - , 

Fungicides, development ot, Ja 
formulation of, 35 

speciBcity of, 35 jjj 

Fungitoxicants „dence from 

Fungus ale 268 

plant reproducti ^ genetic 

6 Furfurylammopurinc, 

le^—L^sowlliof--' 

tumor cells, 229 

Fulvvr 

rJ:; Zu. decemnos-on of ..gnln 
b), 139 

Fusanc acid ,„es. 537 

dctosicalion of, m 


effect on permeabihty, 338 
effect on wilting, 321, 324 
wilt toxm, 156 

Fusanum, cellulose decomposition by, 
173 

damping-off and root rotting by, 167, 
168, 321 

effert on root hair production, 326 
on beans, wounding predisposition, 

534 

on cotton, predisposition to Rhotylen 
chus, 542 

on potato, effect of temperature on 
hypersensilmty, 491 
effect of UV irradiation of tubers, 
494 

predisposition to, 529, 534, 530, 542 
on raspberry, predisposition by Thom 
asinuj, 542 

on tomato, chemotherapy 578 
effect of host nutrition, 532 

of soil moisture on susceptibility, 

531 

of X irradiation of host on, 531 
567 

predisposition 531 534 537 MS 
on wheat, predisposition by TtlUtui. 

542 

pectic enzymes of, 168 
poisonmg of rye by, 50 
reaction to pigments of onion scalis 

f 1. r 

role of cnz>mcs m insasion ot nosf. 

susceptibility to effect of age. 520 
town formation, ptniicabilily rela- 
tions, 284 

toxins, effect on host respiration, 3o7 
Fi 4 sanurn spp mereased ^t^pl^allon •> 
cotton by, 352 
ruictions of hosts to, 27 
Fusartum aictuicvum infection, pea*, cl- 
ftet of sand blasting, 42 
Fusarium bulblg^^num, iii/fction, earn 
liy seeds, tomato, 26.> 

Inliibilion ot, after loocTiUlam of 
plants. 453 

FuMirtum Zj/cope/iic/. 

tuiiutu. effect on jK-rnwab.Iity •>* 

Iwst cells. 251 
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Fusanum caeruleum, dry rot of potato, 
164 

fluorescence of infected tissue, 38 
potato, heat induced susceptibiJity to, 
528 

Fosarmm congluUnans, on cabbage, 
water relations in, 322 
Fusanum culmorum, floral infection by, 
271 

Fusanum lint gas embolism theory, 333 
on flax, response of cells to invasion, 
416 

Fusanum lycopersici, mechanism of vas- 
cular discoloration of host, 330 
on tomato, effect on root hair pro- 
duction, 326 

heat induced resistance to, 528 
to\ms and permeability changes in, 
338 

toxins, effect on metal components of 
host, 291 

Fusariurn montUforme, bakanae disease, 
nee, 193 

cellulase production by, 167 
pectic enzymes of, 152, 167 
Fusanum nweum on watermelon, tylo- 
sis fonnation by host, 333 
Fusanum oxysporum, fungi toxicity m 
pea seedlings after moculation, 453 
Fusanum oxysporum f batatas, tylosis 
formation m sweet potato, 412 
Fusanum oxysporum f Imi, effect of 
flax root excretions on 441 
Fusanum oxysporum f hjcopersict, cel- 
lulase production by, 173 
detoxification of phenols, 592 
host resistance after irradiation, 567, 
568 

on tomato, effect on permtability of 
host cells, 283 
on xylcm, 303 
relation to seeds, 205 
respiratory inbibilors, 379 
tomato wilt, effect on vascular tissue. 
173 

production of cthyltnc, 197 
toxins, effect on cnz>mLs of hypo 
cotyl, 357 
wilt toxins of, ISO 


Fusanum oxysporum f ptst, hetero- 
karyosis in, 25 

role of diffusible material in resist- 
ance to, 442 

Fusanum oxysporum f vasinfectum, cot- 
ton, cell wall degiadalion, 173 
tissue breakdown by, 173 
Fusanum solam f pisi, peas, fungi- 
toxicity in seedlings after inocula- 
tion, 453 

Fusanum vastnfectum, cotton, symptoms 
of 339 

rusanttm wilt, cotton, control of nema- 
todes for, 545 

ionic imbalance of leaf cells, 340 
mmeral imbalance m diseased host, 
328 

role of toxins m water shortage, 322 
cotton and tomato, vem-clearing 
symptoms in, 337 
effect of growth hormones on, 598 
formation of adventitious roots, 201, 
202. 203 

fusanc acid m, 589 
low sugar disease, 597 
scoring disease intensity, 121 
tissue breakdown in, 173 
tomato, epmastic symptoms m, 196, 
197 

mechanism of vascular discoloration, 
590 

role of enzymes m stem plugging 
329 

of phenols in, 590, 591 
therapy of, 587, 596, 597 
viscosity of tracheal fluid of host, 
333 

tomatoes, effect of gibberellic acid on, 
522 

Fusanum wilts, inheritance of resistance 
to, 85, 86, 448 

interference of water transport m, 
303 

G 

CaUctans, components of hemicelluloscs, 
135 

Gilacturomc acid, from iiectm hydrol- 
ysis, 151, 160 
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Gill, cone, ^vllchlnzcl, produced by 
Honnaphis hamamclts, cytology, 214 
Gall fonnation, beech leaves, changes 
induced by Mikwla /agi, 215 
morphogenetic effects on pKnt cells, 
213 

Gallic acid, m resistance, 445 
Galls, 212 
insect, 212 

determinate growth of, 216 
morphological specificity, 212, 213 
scroll, 198 

stimulating substances, nature of, 213, 

214, 215 

Gamma radiation, effect on disease 
therapy, 567 

Gas emboh, effect on water flow, 333 
Gastrodta elata, effect of Armillaria 
mellea infection on flowering. 

Gels, effect on water flow. 331 
Gene complement, effect on tumor 
formation, 223 t 

sweet clover, role m deve opm 
wound tumor 

Generation, spontaneous 63. b* 

Gene., control of hypnt.en..t.v.ly re 
acuons by, 480, 481 
Genetics, and 24 

breeding for «. 

relation of hypersensitivity 

Genetics in resistance 448 
GeneUcs of pathogenicity. 

Germ theory of disease 
Geimmative transmission 
Giant ceUs, development of 

hoot, 220 wheat, effect 

Gibberella, on com seeptibility 

of sod moisture on 

531 hakanae disease 

Gibberella iuttUirot, 

rice, 193 flowering, 266 

effect of gibbete'lmson^ 

on toot lent 321 

of tomns on host P 


Gibberella saiibtnetti, toxins, effect on 
respiration of host tissue, 357 
Gibberella zeae, grain, toxicity in feeds, 
50 

Gibbereliic acid, 194 
effect on flowermg, 196 
on Fusarium wilt, 522 
on willing, 321 

reversal of stunting effects, 196 
slnictunl formula, 195 
Gibberellin A, 194 

Gibberellin A^, as growth regulator, 195 
Gibberellin B 194 
Gibberellin C, 194 
Gibberellin X 194 

Gibberellins, effect on root growth, 326 
on seed geimmation, 268 
effects on growth, grams, 193 
fungal metabolites 193, 195 
induction of parthenocirpy, tomatoes, 
196 

produced by Gibberella fujikurol, 105 
role in bakanae disease, nee, 193 
Gibberene 194 
Gibbenc acid 194 

Glasshouse, effect on disease resistance, 
549 

Gloeosponum, lesion production m an- 
thracnose, 169 

on coconut, effect of potassium nutri- 
tion on, 532 

Gloeosponum kawakamii, on Pauloivnia, 
cork formation, 407 

Clomerella cmgulafa, cclliiliso produc- 
tion by, 163, 160 

Glucose from hydrolysis of cellulose 
148 

/3 Glucosidasc, in cellulose hydrolysis, 
147 

Glutanunc, role m autonomy of tumor 
cells, 231 

Glutamuiic acid decarboxylase, wheat, 
effect of rust on, 32 
Glycerol, use as humtetant in clicmo 
therapy, 584 

Glycolic acid dthydrasc. wheat, cUcd 
of rust on, 32 , 

Glycolic acid oxidase, inhibitors of. 

feet on hypersensitivity reaction 
Glycolysis, effect of infection on, 
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Glycolysis Respiration balance, wheat 
OitiHim infection, 299 
Gnats, induction of Sower doubling m 
Rhododendron ferrugmeum, 205, 

206 

Gnomoma on sycamore, wounding pre- 
disposition, 534 

Gnortmoschema galhiesolidaginis, larval 
secretion changes induced m stems, 

215 

Grafting predisposition, 541 
Gram, rust, early views on, 64, 71 
Grains, effects on growth by gibberel- 
hns, 193 

Granville wilt, on tobacco, epinaslic 
symptoms, 197 

Granville wilt bacterium. Pseudomonas 
solanacearum, type of tissue break- 
down, 172 

Granville wilt disease, effect on distribu- 
tion of growth substances, petioles, 
197 

Grap/iitim ubnt, see Ceratocystts ulmt, 
Dutch clwv 

Greenhouse, effect on disease resistance, 
549 

Gnseolulvin, half-hfe in plants, 586 
Growth, abnormal, 23 

effect of enzymes on, 191 
of toxins on, 191 
in diseased plants, 189 
induced in host cells by peach leaf 
curl. 198 

virus diseases, host recovery from, 
240 

witdics’ brooms, 23 
cellular, stimuhlion in club roof, 221 
changes of, in diseased floral organs. 
205 

effect of gibbcrcllins on, 195 
of water dcflcit on, 317 
root, effect of disease, on, 325 
stimulation of, by pathogens, 192 
vegetatue, effect of reproduction, 250 
Growtli correlations, reproduction, in- 
fluence of timronmcnlal conditions, 
262 

Crouth factors, autonomy of tumor cells, 
229 


for pathogen, role in host suscepti- 
bility, 496 

synthesis by genetic tnnrois, 238 
Growth movements, effect ot virus dis- 
eases on, 198 

Growth pattern, amorphous changes in, 
211 

Growth patterns, conditions modifying, 

190 

plant tumors, 223 

Growth promoting substances, syn- 
thesis, in wound tumor, 236 
Growth rate, relation to respiration, in- 
fected tissue, 381 

Grovi/th legulant action, relation to 
chemotherapy, 598 

Growth regulants, as chemotherapeut- 

ants, 596, 597 
effect on flowering, 259 

on sugar levels and disease, 593, 
597, 598 

Growth requirements, normal cells, 231 
Growth substances, distribution in peti- 
ole, effect of Granville wilt on, 197 
effect on size of crown gall tumors, 
233 

similarity of pathogen metabolites to, 
191 

Guanylic acid, role in autonomy of tumor 
cells, 231 

Gum, effect on defense, 411, 413 
Gum materials, effect on water move- 
ment, 331, 412 
CiiUation, 315 
chcmothcrapeutants, 588 
Ci/innosporaiigiuni, on apple, age sus- 
ceptibility, 526 

Ctiinnosporongfuiu of peat on quince 
root, disposition to disease, 541 
Cymnosporangium pinipert vtrgtmanoe, 
nutnent relations in culture, 285 

H 

Hales, Stephen, "Vegetable Staticks,” 67 
HalF-lifc, chcmothcrapeutants, in plants, 
586 

Halo blight, oats, standard for disease 
intensity, 124 

Haustoria, fungi, production of enzymes 
by, 293 
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Heat, effect on disease, 545, 550 
Heat induced susceptibility, 528 
Heat therapy, 566 
peach yellows virus, 198 
Helicobasidium mojiipa, infection cush- 
ion, 404 

on sweet potato, reactions to infec- 
tion, 352, 361, 362, 365, 416, 418 
Helminthosportum, as low sugar disease, 
597 

cellulolytic enzymes of, 168 
effect on embryo m transitional infec 
tions, 266 
on host, 170 

foot rots on graminaceous hosts, 168 
on rice, factors affecting mechanical 
resistance, 396 
reaction to invasion, 415 
on wheat, distribution of radioele- 


Hemicelluloses, breakdown by wood 
decay fungi, 177 
decomposition of, 155 
in cell walls, 147, 155 
Ilentileta voitatrix, effect on coffee pro- 
duction, 47, 51 

on coffee, effect on social habits, 51 
seventy of, 51 
Herbah^, 65 

Hetenwcism, m rusts, discovery by De- 
nary, 81 

Heterokaryosis, m Fosjrium, 25 
Hexachlorobenzene, specificity of, 35 
ifexose monophosphate pathway, in res- 
piration of infected plants, 370, 374 
mechanism of, 371 

Histology, dry rot, fruits Cladosporium 
cucumermum, 164 
leaf spots, 169, 170 


ments m infections, 292 
predi^osjtion by Ttlletia, 542 
Helminthosportum toxm, effect on respi 
ration, 356 

Heimmthosponum avence on. oats, cell 
wall thickening m response to, 416 
Helminthosportum carbonum on potato, 
accumulation of metabolites, 370, 
380 

fungitoxic components, 453 
llelminthaspanurn graminewn, hyper- 
sensitivity reaction of llordcum to, 
477 

seed contaminant, effect on plant, 260 
tissue reactions to, 489 
Helmmthosponum maydu, hypersensi- 
tivity reaction of Zca to, 477 
Helminthosportum oryme, nee amine 


from, 49 , . u 

Jelminthosponum satnum, i^ection by. 
foUowmg vaccination, 50o 
rot and seedling blight, wheat, tosm 
production of, „ 

uon of producU of. by ho.t, 456 

effect of 2,4-dicl.Ioropl'ci.otyacct,c 

acid, 392 

toxm iJetio,. of dho. 

clotium semtntcola, 

seed. 267 
cmictllulasts, 155 


leaves, frenchmg disease, 199 
HorJeum sativum, effect of Erysiplie 
grorntnis on respiration, 486 
hypersensitivity reaction to Jielmin- 
ibosponum, 477 

JjyperseDsjtJVJty reaction to Septoria, 
477 

Hormaphts hamamelis, cytology of cone 
gall produced on witchhazel, 214 
Host, action of parasite on metabolism, 
284 

and pathogen rclntionsliip, effect of 
reproductive activity on, 271 
effect of parasite incubation on, 305 
Host parasite relations, 86, 87, 279, 472 
Host range, of pathogens, causes for, 
hypersensitivity reaction, 509 
Host starvation, mechanisms of, actions 
of pathogens, 279. 308 
Host tissues, factors affecting ph)sico- 
clicmical environment for patho- 
gens, 272 

Hosts, toxic substances from, (38 
uncongenial, 455 

lluinectants, use ui chiinuthcrapy, 334 
IfuniidiCy, effect on abscission. 250 
on disease, 41 
on ffoMcruig, 256 

<Ht foliar absorption of clicmollicta* 
peutants, 584 

on infection by bchrttmu, 260 
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on mature fruits, 256 
on predisposition, 529 
intercellular, effect on disease devtlop- 
meiit, 568 

Hunger mechanisms, cellulir, 281 
Hybrids, NtcoUana, spontaneous tumors 
of, 237 

polyploid, Nicotiana, development of 
tumors, 238 

Hydrogen ion, effect on predisposition, 
534 

Hydrogen ion concentration, role m dis- 
ease resistance, 497, 549 
Hydrocyanic acid, formation of, in win- 
ter crown tot of alfalfa, 169 
Hydrolysis, enzymatic, effect on cell wall 
structure, wood decay, 175 
Htjlemyia cihcrura, vector of bacterial 
soft rot, 30 

Hyoscyomus, presence of gtbberellm in, 
196 

Hyperplasia, effect on water flow, 331 
Hyperplasiae, leaves, effect on transpira- 
tion, 336 

Hypersensitivity, description of, 470, 

471, 472 

genetic aspects of, 480 481, 482 
morphological reaction, 473, 489, 490 
physiological aspects of, 482, 488 
reaction to Phytophthora infestans, 

471 

to sucking msects, 471 
to Ventuna tnaequalis, 471 
to viruses, 471, 478, 479 
reactions to bacteria, 479 
to fungi, 473, 474, 476 
to Synchytrtum, 475 
to Usttlaga kollen, 476 
to UsUlago tntict, 476 
recognition in rusts, 471, 474 
relation of host nutrients to require- 
ments of pathogen, 492, 493, 496 
497 

to chemotherapy, 596 
to obligate parasitism, 482 
to respuation, 379, 380, 381 485 
486, 487 

H>persensitivity reaction, accuniulatum 
of radioeleraents accompanying, 489 
antagonistic action of rust fungi, K)2 


antibody formation m host accom- 
panying, 499 

chingcs in cellulir compounds dur- 
ing, 484, 485 

chemical basis for, 499, 500, 501 

Cuciimis sattvus to Corynespora cu- 
ctnnertnum, 477 

development of antibiotic properties 
during 502 

development of demarcation tissues 

m, 477 

ecological aspects of, 508 

effect of cadmium on, 494 

of carbon dioxide concentration, 

492 

of chemotherapeutants on, 494 
of chloroform on, 493 
of light, 491 
of narcotics on, 493 
of respiratory inhibitors on, 488, 
487 

of streptomycin on, 494 
of sulfonamides on, 494 
of temperature, 490 
of ultraviolet radiation on, 494, 495 
of water supply, 493 
of X-rays on, 494, 495 
external faclots affecting, 490 
Hordeum sativum to Helmxnthospor- 
tum, 477 

to Septoria ptuseruii, 477 
immunological aspects of, 495 
Ltnum us%tat%ssimum to ColletotH 
chum, 477 

local lesions, viruses, 478 
nature of, 452. 458, 506, 507, 508 
nutritional changes in host after in- 
fection, 499 

of tobacco to potato X virus, 479 
Pfiaseolus vulgaris to Colletotnchum, 
477 

phylogenetic aspects of, 508 
phytoalexins, 501, 502, 503 
Pyrus malus to Ventuna tnaequalis, 
476 

rate of, bean to Phytophthora tnfes- 
tons, 483 

m rust mfections, 483 
potato to Si/nc7iytnum, 483 
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relaUon to host range of pathogens, 
509 

shot hole symptoms, 477 
to PelUcuhria filamentosa, 477 
to Ptjthtum, 477 
to R/uzocfonifl, 477 

Zea mays to Helmtnthosponum may 

dts, 477 - 

Hypertrophy, nature of, 

Hyphae, cellulosic covering ot. 4Zi 
Hyponasty, producUon by Eru-mio p y 
tophtliora, 197 

I 

Immunity, acquired, 450, 503, 504, 542 
by antibody foimation, 454 
humoral, 506 ^ 

mduced, by antibody formation, 4M 
Inmunolosy. relation to hypersemi- 
tivity, 495 . 

Incipient wilting, definiUon of J19 
Incubation period, disease, e 
host, 305 

Index, ' JJrt on defense, 461 

““eSment of genetic tumor,, 

levels of, “ sol- 

production ot, , 202 

nMceoriim in gowering 

/J-Indolacetic acid, 

hormone, 259 2 

'"S:cal’'cht.es in best 
499 , 103 

effect on auxin eve 

on flowering, ’ .jpualion, 358, 

on uncoupling 

iclation to altered rcspi- 

quantity 

ration, 3'° , accumulation ol 

Infections, zones o . 

starch m. - disease mten«ty, 1 *~* 

Infection 

use m disea=* ^^luaUon, 

MeresereS:tan.es .«• “ 

.„IiaS-ra*— 


Inheritance, resistance to disease, 24, 85, 

Inhibitors, diffusible, m defense, 449 
natural, ot pectic enzymes, 163 
pathogen, m disease resistimce, req 
uisites for proof of, 497 
produced by pathogen, 449 
respuatoiy, effect on hypersensitivity 
reaction 480, 487 
Iniurv reactions, 453, 454 
InSl. role m autonomy of tumor 
cells, 231 ^ 

Insects spread of disease by, Jti 

mSn® hypersensitive reaction to, 471 

With latent vmis, 550 
Insect vectors, 

flowers. Erwtnta amybvora. 4ba 
intemardeihne, lemon, water relations 

I„temod!f elongation response to fungal 
infection, 192 

"“ffSof'hyphal cushion on 

447 

,„u.amgmdia..on, effect on potato tubes 

rots, 568 go-j 

therapy, crown gall, tomato 
Ions, imbalanoe of, m "lit disMS_; 3^^ 
Ipomeamarone, effect on resp ^ 

formauon of, m Wad. r“t of svi 
potato, 338, 377, 378 
Ipomeamarone m delense, 4M 
Ipomeanm. formaUon of, m black 
sweet potato, 377, 378 
Irish famme, and potato disease, • 
historical mflucnce of, 54 
Iron, effect on disease, 533 ^ 

Iron deficiency, effect 

stems, tomato, action of Jjco 

Irradiation, Sicotiana hybnd*, effect 

tumor formation, 2 ^ tumor 

Imtation, chemical, °j. 237 

formauon, Nicotuma by^d^- 
production of rr^^hinfi 

Isolcucinc, production oi 
symptoms, 200 



648 


SUBJECT INDEX 


K 

Kalanchoe, adventitious root formation 
stimulated by crown gall, 202 
Kleb s rule, 252 
Koch’s postulates, 437 
use in toxm theory, 323 
Kunkelta nitens, effect of infection on 
flowering, Ruhus, 265 

L 

Lammar flow, vascular stream, 331 
Land value, effect of diseases, 100 
Late blight, potato and Irish famine, 76 
cause of, 77 

disease intensity scale, 123 
losses from 49 
tomato, scnousness of, 109 
reactions of hosts to 27 
Latent mosaic, on potato, magnitude of 
loss. 117 

Leaf cast, example of natural therapy, 
565 

Leaf cells, damaged effect on water loss, 
337, 338 

Leaf histology, leaves affected with 
frcnchmg disease, 190 
Leaf intumescence, changes in palisade 
parenchyma, 211 
Leaf spot, banana seventy of, 47 
cherry, therapy of 593 
Leaf spots, as low sugar diseases, 597 
histology of 169, 170 
Leaf spotting fungi, enzyme production 
m vitro, 170 

histology of host tissues, 170 
Leaf surface, effect on transpiration, 336 
Lcaflioppcrs, vectors of virus diseases, 
30, 235 

Leakage of cell contents, effect of toxins 
on, 338 

Leaves, distortion by disease, 192, 196, 
198 

flagging of, 317 
flooding uijury to, 321 
modification of morphology by french 
ing disease, 199 

parasitizid. auxin content of. 193 
pcnncability of, effect on water loss 
338 


water retaining capacity of, 323 
wilting of, 317 

Leeuwenhoek, Anthony, discovery of 
microorganisms, 67 
Lemon, endoxerosis therapy of, 569 
Lenticels, effect on defense, 397, 398 
399 

maturing fruits, infection through, 

269 

Lenzites, brown rot fungus, use in isola- 
tion of hgnm, 175 
cellulose decomposition by, 175 
Leptdium satwum, club root, nature of 
hypertrophy, 220 

Leptonecrosis, potato leaf roll varus, 304 
Leptosphaeria on raspberry, predisposi- 
tion by Thomasinta, 542 
Leptosphaena junctna, callus formation 
by Juncus effusus, 419, 420 
Lesions, infected, demarcation of, 402 
local, as hypersensitivity reaction to 
viruses, 478 

Lettuce, bacterial soft rot, effect of 
vacuum cooling on, 588 
Bremia infection, effect of light in 
tensity on, 307 

Leucine, production of {reaching symp 
toms, Nicotiana rusttca, 200 
Lcucostoma pcrsomi on cherry, peach, 
cork formation, 408 

Life cycles of smut fungi, description of, 
82. 83 

Light, and reproduction, 258 
on. disease, 540, 544 
on floral initiation, 253 
on hypersensitivity reaction, 491 
on predisposition, 531 
Light intensity, effect on disease dc 
velopmcnt, 306 
on seed germination, 260 
Light spectrum, rays affecting floral in 
duction, 260, 261 

Lignification process, schematic, 153 
Li^i tuber, 419 
composition of, 423 
Lignm, carbon source for white rot 
fungi, 154 

decomposition by species of Fusaria, 
169 

decomposition of, 152, 177 
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effect on cellulose dccomposihon, 
149, 176 

on defense, 395, 406, 416 
enzymatic degradation of, 154 
m ccU Nv alls, 117, 153 
in secondary cell walls, 154 
isolation, from wood, by Lenzttes, 175 
resistance to decomposition by micro- 
organisms, 152 
structure of, 153 
Lilac, powdery mildew of, 101 
Lmum tuitatissmmni. hypcrscnsitivily 
reaction to Col/ctotric/nim, 477 
Lithium, effect on disease, 533 
Lillie leaf of bniijal, change of leaf 
shape by, 336 
Long day plants, 259 
Loss, crop, in relation to plant disease, 
101, 102 

Low temperature, effect on predisposi 

tion, 529 

Lycomarasnun, wilt toxin, 156 
Lycomarasmm iron complex, 291 
Lycoperdon, spore clouds from, 69 


M 

MacTopsis fuscula. vector of nibus 
stunt, 80 , , 

Macrosponum, effect of low sugar levels 
on infection, 540 

on tomato, effect of defoliaUon, 5M 
of fruit removal on susceplibilily. 

Vaermpormm leaf spot, clover, rale ol 
infection 139 

Magnesium, effect on disca», ^ 

Magnesium deficiency, effect on flowers 
and fruit 255 fiowers 

Maize, stimulaUon of P 
by Ustifago zeoe ‘“/f 

Maize rust, efferton^e , 

Maleic hydrazide, aimon 

developme|^ » Sgy 

effect on crown gau, 
on defense, 460 
on high sugar diseases, 597 
on resistance, 537 

mnosperms, henncellnlose 

\Ianan ui w 

component, loo 


Manganese, deficiency m seeds, effect 
on feeds, 51 
effect on disease, 533 
hfaple, bleeding canier, chemotherapy, 

589 

Verttctlbtitn, effect of moisture and 
oxygen in stem, 568 
Uaravdta hyahspora, covering of haus- 
tona by host, 423 

Media, development of synthetic, 28 
Medicine, relation to plant pathology, 4 
Melampsora on flax, predisposition by 
boron, 533 

Melampsora goeppertiana^ growth effects 
on V^flcciniom, 192 

Melampsora lint, effect of host irradia- 
tion on, 494 

epidermal resistance of flax to, 393 
genetics of hypersensitive reaction to, 


481 

Melampsorella carijophyllacearum, 

witches’ broom, silver fir, nature of, 
204 

Meicndrwm. effect on pistillate flowers 
of Ustilcgo viohcea, '"foobon 207 
Meloidogyne, gall formation by, 219, 220 
Mesophyll, chlotoplasls of, association 
With Oidium colonies, 288 
Metabolism aobon of parasite on, 

„ f , .r.„„c.tivitv reaction on, 


•'85.435 „„ 282 

host, effect of toxins on, 281 M2 
poivdery mildew wtot 
related to defense, 455. 458 


282 

jxcretion of. by root 326 
xithogens, similarity to growlh wO 
stances, 191 , , 

tamorphosis. floral parts, induced by 
fungus infections, 20S 
teorology, m relation to plant path 

U.t°m=,^''d<'flre toxin antagonnt, 

Jbioto rod, reUtion to plan, 
pathology, 43 

.naocon 

on %vilIow, 213 
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Microorganisms, classification of disease 

by, 11 

discoveries of Antony van Leeuwen- 
hoek, 67 

methods of culture, development, 82 
production of toxic substances, 150 
of tumors by, 223 

Microscope, compound, improvements 
of Robert Hooke, 68 
Middle lamella, breakdown of pectic 
substances in, Pseudomonas solana- 
cearum, 172 
decomposition of, 140 
degradation of pectic substances in, 
160 

enzymatic dissolution of, by Botrytis 
sp , 161 

pectic substances in, 149 
role of calcium, 263 
woody cells, 154 

A/tkwZo fast, gall induction by, 215 
Mildew, grape, control of, 79, 84 
wheat, therapy, 494 

Mineral imbalance, effect of root injury 
on, 328 

Mmeral nutrients, effect on disease, 538 
Mineral nutrition, effect on predisposi- 
tion, 532 

of plant, effect on hypersensitmly re- 
action, 492, 493 

Mites, alteration of floral parts by, 205 
Mixed infections, 542 
Mode of action chemotherapeutanls, 588 
Moisture, effect on Curtularia on turf, 
569 

intracellular, effect on powdery mil- 
dews, 568 

modification of, in therapy, 568 
Moisture content of stems, effect on 
maple Vertlcillnim, 568 
Moisture-mduced susceptibility, 530 
Mold infections, tomato fruit, 265 
Moljbdenum, deficiency effects, 574 
Afonffiitto, on peach, predisposition by 
TophrJna, 542 

and apneot, suscepUbdity, age of 
tissues, 320 

poetic cnz)m<.s in infection, 542 
\fonohn{(i fructicoJa, reaction of Im- 
jiaiicns balsaminca to, 478 


sensitivity to phenols, 591 
Montlta laxa, almond flowers, weather 
relations of, 265 

Monochcetia unicornis, epidemic on 
cypress, 47 

Monogalacturomc acid, from enzymatic 
hydrolysis, pecUc bubstances, 151 
Morphology, pathological. 23 
Motor cells, avenue of entry, 395 
Mottle-leaf, citrus, zme therapy of, 573, 
574 

Mucorales, hcmicellulose decomposition 
by, 155 

Mulberry, ovary infection by Cibona 
caruncoloides, 267 

Multienzymatic theory, hydrolysis of 
cellulose, 148 

Mutation, somatic, relation to changes m 
tumor cells, 240 
Mutations, by gamma rays, 40 
Mycena ctirtcolor, on coffee, therapy by 
defoliation, 565 

Mycologists, effect on the science of 
plant pathology, 5 
Mycology, early development of, 72 
relation to plant pathology, 27 
Mycorrhiza, 28 

development of, 424, 425, 428 
Myconhizae, defense against, 450 
effect on physiology of plant, 266 
plasmatic defense reactions to, 424 
reaction of Gastrodia cells to, 426 
tubuLir sheath formation by orchids, 
420, 421 

Mycosphaerella, host reaction to, 170 
Jfycosyrmx cissi, invasion of peduncles 
by. 270 

Myrothccium, ccllulasc, 149 
Myrothccium verrucana, cellulase from, 
147, 155 

cellulose decomposition by, 147, 148 
Cx enzyme from, 148 
cycloheximido destruction by, 578 
Myttlococcus ulml, oluc, pscudodrupe 
induction by, 252 

N 

Naming of diseases, 13 
Naphtiialencacetic acid, action on flow- 
ering hormone, 260 
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effect on defense, 461 
growth requirement for, 231 
role m autonomy of tumor cells, 229 
Naphthoxyacetic acid, effect on blaclen- 
mg reaction, 592 

fS Naphthoxyacetic acid, ester, effect on 
fruit set, 264 

Narcotics, effect on defense, 459 
on hypersensitivity reaction, 493 
Narcotization, effect on disease, 545 
Nastic responses, resulting from wilt 
diseases, 196, 197 
Necrosis, effect on water loss, 337 
Nectria, on chestnut, seasonal predis- 
position, 527 

on spruce, cold predisposition to, 529 
Nectua galhgena, histology of action. 


165 

on apple, predisposmg factors, 536 
Nematode, root knot therapy, 565 
Nematode galls, correlation with soil 
infestation, 125 

Nematodes, Anguina agrostis, on fescue 
grasses, poisoning from, 50 
hatching factors, 43 
Heterodera martont, on tomato, elicct 
of composting on, 539 
Heterodera rostochiensis. giant cell 
formation by, 23 
radiation therapy, 567 
Meloulogyne, production of root knot 

by, 219 , , 

pathogenic, effect on land use and 
value, 106 

BJiotuUrtchu,. cotton, prcdBrosiLon 
to Ftisartutn, 542 


matolog)', 21 

photcIM mcalp,. .cctor of d.arf 
disease, nee, 30 

, 0 Ucna l.>bt>ds, d.ircrcnt,aMn of 
tuntor ttssuc m c„ toe 

;uinor de\elopment, effect ot 

mg, 237 

rumors. 237, 238 „r- 

cotiana tahactnn. 

aclron to potato \ 
trogen. clfcct oo 


nonprotem, deficiency m tissues, 
tobacco mosaic mtus, 291 
Nitrogen compounds, oat plant, effect 
of rust infection on, 290 
Nitrogen deficiency, effect of mycor- 
rhizae on, 266 

Nitrogen excess, effect on fruit, Baldwin 
spot, apples, 254 

Nitrogen metabolism, wheat, alteration 
by Pucctnta gramints trttici, 295 
Nitrogen nutrition, effect on fioral ab- 
normalities, 254 
on plant reproduction, 253 
Nodule formation, physiology of, 218 
Nodules, root, auxin relations, 219 
development of, 217 
structure of, 216 

NormoscnsiUvo plants, definition, 472 
Nucleic acid, in defense, 449 
Nucleoprotein, virus 29 
Nucleus, effect of hypersensitivity reae 
tion to virus on, 478 
Nutrient deficiencies, effect on cell 
metabolism, 2S0 

Nutrient deficiencies and excesses, see 
bsling for specific element 
Nutrient deficiency, m resistance 448 
Nutrient excess effect on 5' 

Nutrient imbalance, therapy, 573 
Nutrients, blocking of transport of. 303 
in infected zone 284 
lack of, duect hunger, 280, -oi 
production of. inhibition by parasites. 
293 _ 

Nutnlion. effect on disease -77. W- 
on h>-pcrsciisilmty reaction, 4J-. 

493 

Imst. effect of neoplastic tissue on. -60 
mechanism of, 278 , 

of pathogen, factor m host suserp 


O 

Oak. white, anthracnose, ctimuUtne 
effect. 106 . 

OA bull rol. concUlmn uilli B" 
wounds. 126 . 

Oak canker. Stnmu-fki 
dcca> of x>lcm, 1 6a 
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Oak wilt, chemotherapy with antibiotics, 
594 

gum formation and vascular discolora- 
tion of host, 331 
Oat rust, effect on plant, 290 
Oats, effect of Puccima coronata avenae 
infection, 287, 288 

halo bhght, standard for disease in- 
tensity, 124 

Obligate parasitism, hypersensitivity 
relations, 482 

Occlusions, effect on •water flow, 331 
Otdtum, attack of agmg tissue by, 272 
carbohydrate and pigment relations to 
host, 288 

hght and COj relations, 285 
Ofdmtn moniioides, on wheat, effect on 
glycolysis, 300 
on photosynthesis, 296 
on respiration, 297, 299 
Otdium tuckeri, control of, early reports, 
79 

Ohgo uromdes, from pectin hydrolysis, 
160 

Olive, effect of mycoithizae, 268 

fruit drop, effect of Prays oleellus in- 
festation, 264 
pseudodrupes, 252 

Olpidium viaae, callus formation m 
response to, 419, 420 
plasmatic defense reactions to, 426 
Omphalta cttrtcolor, on coffee, therapy 
by defoliation, 585 
Ontogenetic predisposition, 526 
Oospora, on potato, susceptibility and 
moisture content, 530 
Ophiobolus gramtnis, dysfunction of root 
system caused by, 323 
lignm sheath formation by host, 423 
on wheat, effect on moisture content 
of grain, 262 

Oranges, change of fruit shape, xylopor- 
osis disease, 208 

Orchcomyccs hirctnl, defense reactions 
of hosts to, 450 

Organic acids, photosynlhetic product, 
278 

Organotrophic diseases, 267 
Ornamentals, disease losses in, 107 
Osmosis, effect of disease on, 340 


Osmotic forces, 314 

Osmotic pressure, m host parasite rela- 
tions, 284 

Ovanes, fungi attacking, 267 

penetration by Ustilago tritici, 268 
stimulation by Taphnna aurea in 
poplar, 208 

Overgrowtiis, self-hmitmg, 211 
Oxalic acid, damage to cells by, 164 
effect in diseased carrots, 156 
production by Aspergillus niger, 169 
Oxazolinone m resistance, 445 
Oxidise, ascorbic acid system, effect on 
resistance, 32 
relation to defense, 458 
Oxygen content of stems, effect on maple 
VeriicdUuniy 568 

P 

Pace-makers, role m controlling respira- 
tion, 353 

‘ Papilla,” relation to defense, 421 
Parasexuahty, role m origin of races, 20 
Parasite, 7 

action on enzymatic complexes of host, 
295 

on host metabolism, 284 
Site of infection, relation to effect on 
tissues, 281 

Parasites, action on plasma membrane, 
282 

development of cell hunger in hosts, 
279 

effect on growth of plants, 190 
entry via reproductive parts, 269 
obligate, action on Pasteur effect, 
host, 303 

effect on host photosynthesis, 303, 
303 

factors inhibiting development of, 
285 

on reproductive organs, relation to 
physiology, 264 

Parasitism, obligate, hypersensitivity re 
lations, 482 

physiology of, 81, 86, 87 
Parenchymi, decay of, 159 
Parenchyma cells, growth response to 
peach leaf curl, 199 
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I’.irthcn()carp>*, 251 
Ihitltlt pcir, 252 

tunn(oc», imliicl»)n by Bibbcrtllins, 
1% 

r.iilcur tlfitt, hlotlmB of. ui dise.istd 
iLsNUc, 302 
dtliiiitioii of, oC5 

clfict of obliBitc pjraMlts oh, 503 
iijhib.Hoii of. 29U, 300. 303, 366 
incch.mlsiii of, 507 

I’alliogin, and Jioit. foiiijiaUbdity bc- 

tULCII, IGl 

mccbanbmi of boil itanation, 303 
not disease, 5 

I’albogcntMS, biocbtimstr> of. 31 

nnctratioii of lissoc m, role of pcclic 
cnz>nit4, 170 

Palhogtncluls, 521, 510 ^ 

PaUiogumculs. tlTtct on the ;r 

l>.vth06cns, il.ct on root abrorrlion. 
fungi as. discos cr>'. 77, 78 
mnucnco of reproduction on activity 

metabolu” of, siiiiiUrity to groutli 
substances, 191 „ 

of reproductive orgviis, 200. -6J. 

271 

persistence m soil, 1 1 
seed-borne, 265 loi 19-’ 

stimulation of grosvili by. 101. IJ- 
symbioUc adjustments, 2< 

Pathology, derivation 

forest, foundation of, 83 , 

P.'ilhway, oxidatisc, effect on 

Peaeflaf eurl, abnormal g-tb m 
a„ued in best ecus. 198. 1^ 

Peach yellosvs, effect on t, 

198 

PeSTrbtgh? Iberapy by P™nu.g. 
565 

Pectase, 150 

?:cUcae:l'depoly».e»». 151 


Pectin, 150 

h>drol>sis by soft rot bactern, 160 
Pectin depoly mense, 151 
Pcetm esterase, 150 
Pectin mcthylcstcrasc, 150 
Pectin ixjlygalacluronasc, 151 
Ptctmasc, 151 

m wilt disuise, 330 
a Pcclmglycosidasc, 160 
p Pcctingly cosidase, 160 
of Rhizopus tntici, 152 
y Pectinglycosidasc, 160 
Pectmic acid, 150 
Pcctolase, 151 

Peduncles, elective pathogens. 270 
PcUicuhrta, on lettuce, effect of light 
on infections, 492 

Pdhcukria spp , necroses of cortical tis- 
sue by, 167 

PclUculoria fibmentoia, reaction ot re- 
sistant hosts to. 477 
rerjuireincnt of bypbal eush.on for rn 
fcction, 447 

Pei.etrnt.on, vlfevt of stomata on, 527 
of subenzauon on. 544 
of vv.)luig on. 531 
meclian.cal barriers to, 398 
of fungi, into non-hosts. 478 
of host, by club root pathogen, 221 

PcX'tim’hrough 2 

PonieXm on gladiolus, woimdmg pre- 

oo-^C »pS^ted.spos.t.on, 538, 

Pylhmm, 44 

poetic enzyme ol. „heat 

PemciUmm ghucum, resp 

267 

Peptidases, 158 
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Perennial rye grass, crown rust of, effect 
m feeds, 50 

Perennials, prolonged effects of defolia- 
tion, 279 

Pericarp, Coryneum bsiierincku, 265 
production of ethylene, 251 

Pericarp diseases, influence on seeds, 

250 

Pericarp infections, 267 

Periodicity, 527 

Permeability, cellular, alterations of, 282 
and transpiration, 22 
changes durmg hypersensitivity re- 
actions, 484, 488 
effect of disease on, 282, 282 
relation to resistance, 284 
effect of allemanc acid on, 338 
of enzymes on, 340 
of fusaric acid on, 338 
of patulm on, 338 
of penicillic acid on, 083 
of polysaccharides on, 340 
of stieptomycm on, 338 
of toxins on, 156, 283, 284 
of water deficit on, 3i8 
leaves, effect on water loss, 335, 338 
root tissues, effect of disease on, 325, 
327. 328 

Peronospora on beet, susceptibility and 
moisture content, 530 
on broccoli, predisposition by emulsi- 
fiers, 537 

on tobacco, susceptibility to, effect of 
age, 520 

predisposition to bacteria, cabbage, 
542 

Peronospora coroUae, invasion of petals 
by, 270 

Peronospora mans/iurtca, hypersensitive 
reaction to, 474 

PcToru>spora stigmaiicola, invasion of 
stigmas by, 270 

Pcronosjtora tiolaceae on Kruiutta ar- 
vensis, floral changes induced by, 
200 

I’eronosporaccae, light and COj rela- 
tions, 285 

I’csUcidts, effect on yield, disease inten- 
sity-loss ratios, 13-1 
for crops, production of, 52 


toxiaty to humans, 53 
Petals, elective pathogens for, 270 
Proles, effect of Granville wilt disease 
on distribution of growth sub- 
stances, 197 

growth changes in, disease symptom, 
196 

Peztsa, spore clouds from, 69 

pH, cellular, role m disease resistance, 

497 

effect on toxin formation by Cerato- 
cystis ulmt, 575 

modification of, in cbemotherapy, 575 
soil, effect on entry of molecules, 575 
Plioseolus uulgorw, hypersensitivity re- 
action to Colletotrichum, 477 
Phelloderm, effect on defense, 407 
Phellogen, effect on defense, 407 
Phenoloxidase, relation to defense, 459 
Phenols, acctylatcd, as chemotherapeu 
tants, 595 

changes durmg hypersensitivity reac- 
tions, 485 

effect on defense, 440, 444, 453 
on transpiration, 338 
fungitoxicity of, 591 
m wounds, 454 

relation to disease resistance, 445, 
497, 498, 590, 592 

Phcnoxyacetic acid, effect on blackening 
reaction, 592 

Phenyl mercury acetate, chemotherapy, 
chocolate spot, bean, 593 
Phtalea temulcnta, poisoning of rye by, 
50 

Phloem, action of toxin on, m chestnut 
blight, 105 
disintegration of, 165 
dysfunction of, m diseased potatoes, 
23 

effect of potato leaf roll virus on, 304 
histology of parasitism, Nccirla galH- 
Sena, 165 

P/ioi7W, beets, effect of phosphorus nu- 
liiUon on, 532 

Phoma bctac. In seeds, control by ultra- 
sound, 39 

Phomopsis, citrus, cold predisposition 
to, 529 
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PJiomopsts citn, cork layers m response 
to, 403 

Phosphorus, accumulation, cellular, m 
hypersensitivity reaction, 489 
m infected tissue, 292, 301, 360 
effect on disease, 532 
on fruit set, 254 

wound tumor tissue requirement in 
culture, 236 

Phosphorus deficiency, effect on crop 
earhness, 254 

Photoperiodic mduction, 258, 259 

Photoperiodicity, relation to tempera 
ture, 261 

Photoperiodism, 252, 253 

Photoperiods, abnormal responses to, 259 

Photosynthesis, 278 

effect of hypersensitivity reacUon on. 


488 

of parasites on, 293, 302, 30{^ 
of rust infections on, 293, 29o 
of water deficit on, 318 
enzymatic systems controllmg, 278 
increase, host defense mechanism, 2y» 
m diseased plants, 22 
intensity of, Erysiphe grarmM in- 
fected wheat, 285, 293, 307 
powdery mildew, wheat, 298 
Photosynthesis Respirabon rauo, altera- 
tion of, diseased plant, 295 
Phyllody, abnormal growth, 23 

Japanese plum, Caeoma tmktnot m 
fection, 206 

Phylhsticta, host reaction to, 170 

wound gum reaction of Unshu orange 

to, 413 

Phylloxera, gall mduction, 215 
resistance to, hybrid grapes, 85 
Phylloxera vaxtamx, reactron of grape 
to, 480, 482 

Physalospora cydoniae, gum am 
m apple, 413, 414 

Physiology, relaUon to 
reacUons, 483 
Physiology of defense, 435 


Physiology of parasitism, recognition of, 
81 

Phytoalexms, 459 

formation m host, 501, 502 
m defense 451, 452 
properties of, 502, 503, 507 
relation to hypersensitivity reaction, 
501 

role in resistance, 33 
Phytomonas steurorti on com, effect of 
nitrogen deficiency, 493 
interference of water transport m, 
304 

Phytopathology, relation to nature of 
decay processes, 179 
Phytophthora, damping off effect of, 167 
hypersensiUvity reactions to, 475, 490 
on citrus, effect of K nutriUon on, 532 
on hardwoods, therapy of, 566 
on potato, effect on respiration, 378 
genetics of hypersensitive reacUon 

predisposition to Fusortum, 542 
reduced infection by viruses X and 
542 

suscepUbility to, 526 530 
peclic enzymes of, 167 
Phytophthora spp , ceUulose degradation 
by, 167 

Phytophthora mfestam, adaptation to 
hosts, 508 

defense reactions of potato to, 451, 

452 t 

effect of ethanol on ponetrauon of po- 
tato, 379 [ 

of respiratory inhibitors on infec- 
tion, 380, 487 

on protein synthesis of ,»tato, 36. 
genetics of pathogenicity, -o 
hypersensitive reaction to, 471, 475, 
483. 484, 485 . . . 

infection and protein content o i 
22 

infections, therapy, 4M, 591 
Irish potato famine, 49, .6 
on potato, aeciiinulation of 

olites, 370 ,^1 

antibodies and h)per»-“' 
change m poliphenol. afler ine-™ 
lation. 453 
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effect of alcohol on reaction to, 493 
of salts, 493 

enzyme relations, 369, 380, 498 
localized resistance, 505 
phytoalexins m host, 380, 451, 452, 
502 

phytotoxic substance from, 157 
races of, 25 

reaction of nonbosts to, 478, 507 
of potato cells to invasion, 364, 

379, 428, 429, 483 
respiratory effects on host, 351, 352, 
486 

susceptibility to, stages of potato 
plants, 272 

tissue reactions to, 488, 489, 490 
Phytophthora parasitica var ntcottaiute, 
on tobacco, impaired water move- 
ment, 328 
Phytotoxicity, 570 

Phytotoxin, production by Phytophthora 
mfestans, 157 
a Ficolmic acid, 157 
Pigments, brown, in cells, increase dut- 
mg hypersensitivity reactions, 485 
relation to defense, 439, 458, 459 
Ptrtcularta oryzac, increased respiration 
of rice by, 352 

mechanical resistance of nee to. 394, 
395 

on rice, accumulation of metabolites, 
376 

activation of flavoproCein enzyme 
m, 370 

effect of ethanol on metabolic 
ch-inges of liost, 379 
reactions to invasion, 416, 418, 427, 
428 

toxin formation by, 157, 356 
Piricularin, inlubition of polyphenol-oxi- 
dase system, 157 

Plant diseases, early classification of, 
Fabnaus, 71 

Plant excretions, effect on defense, 439 
Plant geography, contributions to Plant 
Paliiology, 26 

Plant nutrition, soil chemistry, 44 
Plant pathology, art of, 3 
bacterial trend, 87 
biginiiing of science of, 4 


conlnbulions to cancer studies, 24 
to entomology, 30 
to genetics, 25 
to morphology, 23, 24 
to mycology, 27 
economic, 81 
economic history of, 108 
value of, 115 
effect of steam age on, 80 
first textbook, 82 

modern emphasis of research, 90, 91 
mycological trend, 81 
nineteenth century, 20 
physiological trend, 86 
relation to other sciences, 20 
to plant physiology, 21, 22 
role m sociology, 46 
science of, 3 
scope of, 20 
virological trend, 89 
Plant physiology, relation to plant path- 
ology, 21 

Plant population, relation to disease, 

101 

Plant protectants, market for, 34 
Plant tissue, disintegration of, 159 
Plants, diseased, alterations of functional 
relations of, 295 
respiration in, 349, 355 
Plasma membrane, action of parasites 
on, 282 

factors affecting permeability of, 156, 
283 

Plasmodesmata, route of entry, 548 
Plasmodtophora brassicae, club root, 
220 . 221 

Plasmopara viticola, hypersensitive reac- 
tion to, 474 

role of epidermal excretions in infec- 
tion, 443 

Plum, Japanese, induction of phyllody 
by Caeoma maktriof infection, 206 
Podosphaera, apples, wounding predis- 
position, 534 

Podospliaera leucotncha, penetration of 
non hosts, 478 

role of waxes of apple leaves m re- 
sistance, 443 

Podostthaera pannosa, penetration of 
non hosts, 478 
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Foisoqs, respiratory, elTect on defense 
459 

Polarity, molecular, rehlion to chemo* 
therapy, 582 

PolJen, effect of temperature on, 257 
harmful nature, 272 
transmission of bean mosaic viru^ 
268, 269 

Pollen germination, effect of boron, 254 
Polygalacturonase, 151, 152 
Polygalacturonase I, of Rhtzopus tnUci, 
152 

Polygalacturonase II, of PenxcilUum ex- 
pansum, 152 
Polygalacturomdcs, 151 
Polymorphism m fungi, discovery, 77 
Polyphenol and resistance, 457 
Polyphenolase inhibitors, effect an dis- 
ease resistance, 592 
Polyphenoloxidase, 154 
relation to defense, 458, 459, 460 
Polyphenoloxidase inhibitors, effect on 
hypersensitivity reaction, 487 
Polyphenoloxidase system, inhibition by 
pmcularin, 157 

Polyphenoloxidase systems white rot 
fungi, 181 

Polyphenols, accumulation, in infected 
plants, 375 
m defense, 429, 453 
role in browning reaction, 381 
role in disease resistance, 380 
Polyploids, Nicotiana, genetic tumors 
in, 238 

Polyporus annosus, cellulose decomposi 
tion by, 147 

Polyporus palustns, cellulose produced 
by, 177 

Polysaccharides, effect in water flow, 

331 

on permeability, 340 
Poplar, stimulauon of ovary gro>vth by 
Tophnna aurea, 208 
Poplar susceptibility to Dothichiza. 

effect of turgor, 541 
PopulaUon. diseased percentage m diag- 
nosis, 111 

Population of plants, relation to disease. 
lOl 


Post infection phenomena, relation to 
hypersensitivity reaction, 499 
Potassium, effect on disease, 532 
role in carbohydrate metabolism, 254 
Potassium nutrition, effect on disease 
symptoms, frmts, 254 
Potato, aerial tubers, effect of JViizoc 
ionta, 266 

dry rot, Fusartum caeruleum, 164 
golden nematode, radiation thenpy, 
587 

irradiation of, effect on tuber rots, 

568 

late blight, and Irish famine, 10, 49, 

76 

and protein content, 22 
disease intensity scale, 123 
identification of fungus 77 
streptomycin, 591 
leaf roll, change of leaf shape, 336 
cyclic metabolism, starch 305 
effect on translocation, 23 
on tuber crop, 305 
leptonecrosis, 304 
loss appraisal, regression, 138 
stages of growth and susceptibility to 
Phytophihora infestaus, 272 
tuber borne diseases of, effect m suc- 
ceeding generations, 105 
Potato diseases resistance of wild Sola 
num species to, 27 
Potato tubers, Fusanum caeruleum, 
fluorescence of, 38 
Potato X virus, antisera, 29 

hypersensitive reaction in Nicotiana 
tabacum, 479 
reaction of potatoes, 27 
reduced infection following Phytoph 
thora, 542 

Potato X and Y on tobacco, suscepti- 
bility and soil moisture, 530 
Potato Y on F/iysalts, light predisposi 
Uon, 531 

Potato^, reactions to Southern bacterial 
wilt, 27 

Pondcry mildew, effect on respiration, 

290, 299, 301. 355 
on cIo>cr, crop reduction, 117 
on gooseberry, seriousness of, 100 
on wheat, metabolism, 295, 390 
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photosynthesis, 296 

susceptibility to, effect of water soar- 
ing, 530 

Powdery mildews, as high sugar dis 
eases, 597 

effect of intracellular moisture on, 568 
genetic basis for resistance to, 448 
hypersensitivity reactions to, 474 
Prays oleellus, effect on fruit drop, ohve 
264 

Predisposition, 15 
chemical, 536 
defined, 521 
diurnal, 527 

effect of atmospheric pressure on, 531 
of humidity on, 529 
of hydrogen lOn on, 534 
of hght on, 531 
of mineral nutrition on, 532 
of temperature on, 528, 529 
cnvtronmcntal 528 
ontogencbc, 526 
seasonal, 527 
wounding, 534 

Predisposition and disease control, 545 
Predisposition and disease type, 546 
Predisposition and genetics, 548 
Predisposition and nonparasitic diseases, 
542 

Predisposition and viruses, 547 
Frcdispositionist, 524, 546 
Pressure, diffusion, deficit of, 314, 316 
osmotic, in host parasite relationships, 
284 

turgor, 314 
wall, 314 

Pnmula, effect on Qowering of Uto- 
tntjccs primulae integrifolcae infec* 
tjon, 192, 193 

Prior infection predisposition, 542 
Proncncss to disease, 521 
Proteases, 158 
Protection, nature of, 564 
Protein, s>7ilhesis of, relation to rate of 
respiration, mfcctcd tissue, 361, 
362. 363 

\irus, In tobacco mosaic Infected tis* 
sues, 200 
Protclnascs, 153 
PtotcUis, In defense, t49 


soluble, changes during hypersensi 
livity reactions, 485 
structure of, in host, factor in host 
specialization, 496, 497 
Protocatechuic acid, effect on defense, 
440 

role in disease resistance, 32, 498, 
S48, 590 
Protopectui, 150 
Protopectinase, 152 

Protoplasm, action of toxic jubst mces 
on, 157 

dismtegralion of, 155 
Protoplasmic streaming, effect of hyper- 
sensitivity to virus on, 479 
Protoplast, coagulation of, in cells m 
leaf spots, 170 
effect of toxm on, 178 
loss of function, disintegration, 140 
Pruning, chemical, by p chbrophenyl 
rhodanine, 565 
example of therapy, 565 
Prunus, hypertrophied fruits by Taph 
nno prtini mfection, 208 
Pseudodrupes, effect of environment, 

252 

ohve, production by insect attach, 

252 

Pseudomonas, carbohydrate require- 
ments of, 159 

on tobacco, nutritional effects, 532 
susceptibility and moisture relations, 
530 

Pseudomonas sp , gnscofulvm destruc- 
tion by, 578 

Pseudomonas anguhta, moisture in- 
duced susceptibility to, 530 
on tobacco, vigor predisposition, 538 
pectinolytic enzyme production by, 
170 

Pseudomoncs citri, structure of stomata 
of citrus m resistance to, 397, 398 
Pseudomonas medlcagints, effect of pres- 
sure on susceptibility to, 531 
Pseudomonas mors pruixontm, hypersen- 
sitive reaction to, 480 
Pseudomonas phaseolicola, resistance to 
antibiotics, 590 

Pseudomonas sat/Os(anoi, infection m 
frost injured grapes, 205 
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of olive pistils by, 264, 265 
on olive, predisposing factors, 536 
Pseudomonas solanaceatum, Granville 
wdt bacterium, type of tissue 
breakdown, 172 

pectic and cellulolytic enzymes of, 
172, 173, 174, 329 
producbon of mdoleacehc acid m 
culture 202 

Pseudomonas solanacearum infection, 
tomato, 202, 539 

Pseudomonas syringae, hypersensitive 
reaction to, 480 
on peach, therapy of, 584 
Pseudomonas tabact, effect of pressure 
on susceptibility to, 531 
of water soakmg on m/ectioo, 550 
hypersensitive reaction m hosts of, 

479 

moisture induced susceptibility to, 

530 

on tobacco, effect of high nitrogen 
fertilization, 532 
on chlorophyll, 203 
pectmolytic enzyme production by, 

170 

tozm relations to methionine utiliza 
tion, 294 

loxms of. 32, 157 

Pseudoperonospora, cucumber, susccpli* 
bility, age, 520 

Pseudopeziza, vigor predi'^position, 536 
Ptyosome fonnation, 426 
Paccinla, effect on carbohydrates of 
host, 290 

hypersensitivity reactions to, types of, 

473, 474 

on cereals, effect of nutnuon, 532 
On oats, predisposition effect of leaf 
detachment, 534 

on wheat, cbcrnical predisposition, 

537 

effect of metallic midonuincnU oa 
infection, 533 
on host amino acids, -91 
iMMion to. '» 

fiiction. 475 ^ 

susceptibility to. 5C5. 5-5, 

Pucemia carflutml, effect 
30J. 302. 352, 361 


i re>ptrati«*. 


on safflower, accumulation pf mctib- 
ohtes m, 376 
auxm relations of, 377 
Puccirtia coronata, on Aiena sattia, 
phenols in, 483 

on oats, phosphorus relations, 28-3 
phytoaJexins lo hosts, 502 
Pucctnia coronata aienac, effect on oat 
plant, 287, 288, 2S9 
Puccinia coronata var lolil on rye grass, 
effect in feeds, 50 

Pucemta coromfera, on oats, effect on 
composition of host, 290 
photosynthesis and respiration 
relations, 293, 295 

Pucctnia dtspersa, m hypersensitive host, 
47i 

Pucemta glumarum, effect of light on 
infections, 492 

inheritance of resistance to, 24, S5 
on wheat, oxidaso relations, 400 
sthcic acid in lesions, 4S5 
sheath formation about Iiaustoru, 423 
Icmpcrahire and hypcrscmilivily to, 

490 

Pucctnia gromtnls, accumulation of 
radio>clcmcnls in host 292 
effect of host irradiation on, 494 
hypersensitive reaction to 431, 400 
mechanical resistance to, 392, 333, 

400 

wheat, accumulation of metalwlitat, 

376 

effect of iutroi,en nutiiUon. 5s2 
Oil respiration, 302. 352, 450. 

4S7 

oxiduo rclalioiu, 490 
starvation of tUsuci, 278 
reaction of lio^t tu, 483 
Fuccinu uramuiLt trUid, caihofiydrate 
dccundi of, 300 
effect oa wheat tazyiort, 32 
on wheat, effect cm amino ocidx, 234 . 

293 

on prriaeah liJy <-/ celli. 2 aI 
stoouul »ca-iUa<o to. 

ri*CC(n4l ktlh^ahl, acn.— uit t a k i iff 
Gscriti. in t/. i’l? 

of rodso-clcmetiti la t»^t, 2a2 
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photosynthesis, 296 

susceptibility to, effect of water-soak- 

ing, 530 

Powdery mildews, as high sugar dis- 
eases, 597 

effect of intracellular moisture on, 568 
genetic basis for resistance to, 448 
hypersensitivity reactions to, 474 
Prays oleellus, effect on fruit drop, olive 
264 

Predisposition, 15 
chemical, 536 
defined, 521 
diurnal, 527 

effect of atmospheric pressure on, 531 
of humidity on, 529 
of hydrogen ion on, 534 
of light on, 531 
of mineral nutrition on, 532 
of temperature on, 528, 529 
environmental, 528 
ontogenetic, 520 
seasonal, 527 
wounding, 534 

Predisposition and disease control, 545 
Predisposition and disease type, 546 
Predisposition and genetics, 548 
Predisposition and nonparasitic diseases, 
542 

Predisposition and viruses, 547 
Prcdispositionist, 524, 540 
Pressure, diffusion, deficit of, 314, 316 
osmotic, in host parasite relationships, 
2S4 

turgor, 314 
wall, 314 

PrtmuJa, effect on iloivering of Uro- 
mpecs primuhic intcgri/olcae infec- 
tion. 192. 193 

Prior infection predisposition, 542 
Pronencss to disease, 521 
Proteases, 1S8 
Protection, nature of, 564 
Protein, s>Tilhcsis of, relation to rale of 
respiration, infected tissue, 361, 
362, 3G3 

virus, in tobacco mosaic infected tis- 
sues, 290 
Protemascs, 153 
Proteins, ui defense, 149 


soluble, changes during hypersensi- 
tivity reactions, 485 
structure of, in host, factor m host 
specialization, 496, 497 
Protocatechuic acid, eff^ect on defense, 
440 

role in disease resistance, 32, 498, 
548, 590 
Protopectm, 150 
Protopectinase, 152 

Protoplasm, action of tovic ^iibst uices 
on, 157 

disintegration of, 155 
Protoplasmic streaming, effect of hyper- 
sensitivity to virus on, 479 
Protoplast, coagulation of, in cells in 
leaf spots, 170 
effect of toxin on, 178 
loss of function, disintegration, 146 
Prunmg, chemical, by p cblorophenyl 
rlmdanine, 565 
example of therapy, 565 
Prunus, hypertrophied fruits by Taph- 
rtna prunt infection, 208 
Pseudodrupes, effect of environment, 
252 

olive, production by msect attack, 

252 

Pseudomonas, carbohydrate require- 
ments of, 159 

on tobacco, nutritional effects, 532 
susceptibility and moisture relations, 
530 

Pseudomonas sp , griseofulvm destruc- 
tion by, 578 

Pseudomonas angulala, moisture m- 
duced susceptibility to, 530 
on tobacco, vigor predisposition, 533 
pectmolytic enzyme production by, 
170 

Pseudomonas ctlH, structure of stomata 
of citrus in resistance to, 397, 398 
Pseudomonas medteaginu, effect of pres- 
sure on susceptibility to, 531 
Pseudomonas mors prunorum, hypersen- 
sitive reaction to, 480 
Pseudomonas phaseohcola, resistance to 
antibiotics, 596 

Pseudomonas sai^sianoi, infection in 
frost injured grapes, 265 
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disease, ammo acids in, 449 
and hydrogen ion, 549 
benzoic acid in, 445 
chlorogenic acid m, 445 
effect of cell wall on, 392 

of chemotherapeutants on, 593, 
596 

of copper on, 536 
of culture filtrates on, 505 
of DDT on. 544 
of pesticidal chemicals, 537 
of respiratory inhibitors on, 32, 

379, 591. 592 
of sugar levels on, 597 
excretions m. 442, 443 
galhc acid in, 445 
genetic factors m, 24, 85, 448, 449, 
480, 481 

m plasma, epidermal cells, 391 

natural chemotherapy, 590 

nature of, 391, 436 

nutrient deficiency m, 446 

oxazoUnone m, 445 

relation to hypersensitivity, 472. 

482 , 

to nutritional requirements ot 

pathogen, 496, 497 
to structure, 392 

respiration of invaded plants, 378, 
381, 382 

role of catechol, 32, 348 
of cellular acidity m. 497 
of oxid-itive enzymes m. 498. 4yy 
of pathogen inhibitors m, 497 
of phenols in, 445 497. 498 
of polyphenols and coomanns ui. 

380 , no 

of protocatechu.c acid m, ^ 

498, 548 c ! rt ^99 

to spread of 

toxic substances m, 444. 440, 

rpa.ti„T.oc..cnro...c.r,peu.ru.u. 

596 285 296, 

358’. 

cfe™of2,4-d.n,uoP>.c..oIon,».f“*^ 

plants, 364, o6o 
of rust infccUons on, -Jo 


of toxins on, 300, 356, 357 
on defense, 455, 456, 460 
on permeability, plasma membrane, 
283 

effects of hypersensitivity reaction on, 

485, 486 

hexose monophosphate pathway, 370, 
371, 372. 373, 374 

host, relation to parasite development, 
288 

infected tissue, 360-363 
increased, adenosme triphosphate s>s* 
terns mvolvcd, 359, 360, 364 
biochemical changes during, 375 
definition, 351 

during climacteric, 362. 363 
mhibitors of. effect on disease resist- 
ant plants, 379 

on hypersensitivity reaction, 379, 

380, 486, 487 
on resistance, 591 
on water intalc, 321 
mcclnmsms coatrollms. 351, 353 
of disease resrstanl liosts, 3.8, 381, 

of hype'rsensd'^ phnts, 

pace makers m controllmg, 358. ,»i 

Pasteur effect, m infected p an , 

rate ot enzyme rarneenlra- 

„„oo:pTn.ragS.m;mfec.edp.an.s. 

35S. 350. 353, 3o9 

„csp,ra.ory a—t. grem.n.. 

infected wheat, -oo 

sulfonam.des.nn r.lln ore.re- 
kuon to entry rn plants, a 

injt iVuzobium. >l- 

"of calemm and nu- 

intion on. 533 
h^Krrsenwtnnty rcact.^ to. 
pecuc cnz>nHS ^ _ 
rot effect of. 1^. ^ 

R/tisoefoniJ spp. P' “ 

SIS, 167 
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effect of detaching cotyledons on in- 
fection by, 443 

on sunflower, effect on dry weight, 

290 

Puccmia polysorfl, effect on com yield, 

48 

Pucctma suaveolens, growth effects on 
Ctrsium, 192 

Pucctma triftcifia, effect of light inten- 
sity on disease development, 
wheat, 307, 492 
on composition of host, 290 
hypersensitivity to, 490, 491 
infection in relation to stomata, 398, 
323 

mechanical barriers of wheat to in 
vasions, 400 

Oft wheat, oxidase relations, 32, 499 
phytoalexms m host, 502 
resistance to, 497, 498 
Puccima uincae, growth effects on peri- 
winkles, 192 

Puccmia violae, on Vtola sijlvestns, 
floral changes, 206 

PuUnloTia, effect on embryo in tsansi- 
tional infections, 266 
Pullulana pullulans, antagonism for 
Pythium, 44 

Pumping action, in upward transport of 
water, 333 

Puncture, resistance to, 396 
Pyridine 2 thiol-?? oxide, conversion m 
plant, 587 

Pyrus nuilu3, liypcrscnsitivity reaction to 
Vcnfuria inacqualts, 476 
Pythtum, antagonism by Pcnictllium and 
Punulana, H 

cellulose degradation by, 16S 
damping off effect of, 167, 321 
hypersensitivity reaction to, 477 
on potato, susceptibility and nioistuiu 
content, 530 
pcctlc cnz)-mcs of, 167 
ri/tbluin complecfcns on geranium, cork 
foniiatioii, 108 

Pythium trrii,uhirc, cellulose degrada 
tJon by, 167 

Q 

S-Quinolinol, chcuiothcrapcutaut, 578 


Quinone oxidation, effect of cheino 
therapeutants on, 593 
Quinones, fungitoxicity of, 591 
relation to defense, 458, 459 
role m disease resistance, 590, 592 

R 

Baces, of flax rust, 25 
of Fungt tmperfecU, 25 
of Phytophthoro mfestans, 25 
pathogenic, host resistance to, 25 
Radiation, mfrared, use for disinfection, 

39 

lonizmg, effect on auxm system, 568 
on. defense, 461 
production of tumors by, 223 
Radiation therapy, 566 
crown galJ, tomato, 567 
golden nematode, potato, 567 
Radiocobalt, source of gamma rays, for 
mutations, 40 

Radioisotopes, use in fungicide studies, 

40 

Raphenus satwus, club root, nature of 
hypertrophy, 220 

Reaction, abortive, infected cells, 427 
inflammatory, 400 

Regeneration capacity, crown gall tumor 
cells, 227 

Renaissance, modem botany, 65 
Reproduction, effect of infectious dis- 
eases, 265 

faclOTs affecting, 250, 255, 257, 258 
growth corrchtions, influence of en- 
vironmental conditions, 262 
influence on xiathogcn ictivity, 271 
intctacUon nulnlion, climate, 261 
plant, effect on vegetatno growth, 

250 

plants, effect of nutrition, 253 
proof of, in fungi, 67, 88 
stages of, 250 

vegetative diseases affeclmg, 260 
Reproduction organs, entry of parasites 
via, 269 

Rtsm, effect in mvasion, 428 
Rcsislnnct, age, 526 
and polyphenol, 157 
decreased celluhr permeability m, 
28-1 
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disease, aniiiio acids in, -l-JQ 
and hydrogen ion. 5*J9 
benzoic acid m, 445 
chlorogciijc acid in, 445 
effect of ccH wall on, 392 
of chemotherapcutanls on 593 
596 

of copper on, 53Q 
of culture filtrates on, 505 
of DDT on, 544 
of pestJcidal chemicals, 537 
of respiratory inhibitors on, 32, 
379, 591. 592 
of sugar levels on, 597 
excretions in, 442, 443 
galhc acid in, 445 
genetic factors m, 24, 85 448, 449, 
480, 481 

m plasma, epidermal cells, 391 
natural chemotherapy, 590 
nature of, 391, 438 
nutrient deficiency in, 446 
oxazolmone m, 445 
relation to hypersensitivity, 472, 

482 


of toxins on, 300, 356, 357 
on defense, 455, 456, 460 
on penneabiJity, plasma membrane. 
283 

effects of hypersensjpwty reaction on, 
485, 486 

lieiawe monophosphate pathway, 370 
37J, 372, 373, 374 

liost, relation to parasite development, 
288 

infected tissue, 360-363 
increased, adenosine triphosphate sys 
terns involved, 359, 360, 364 
biochemical changes during, 375 
deSoition, 351 
during climacteric, 362, 363 
inhibitors of, effect on disease resist 
ant plants, 379 

on hypersensitivity reaction, 579, 
380, 486, 487 
on resistance, 591 
on water intake, 321 
mechanisms controUmg S51, 553 
of disease resistant hosts, 375, 381, 

382 


to nutritional requirements of 
pathogen, 496, 497 
to structure, 392 

respu-ation of invaded plants, 378, 
381, 382 

role of catechol, 32, 548 
of cellular acidity w, 497 
of oxidative enzymes in, 495, 499 
of pathogen inhibitors m, 497 
of phenols m, 445, 497, 498 
of polyphenols and coumarins ui, 
380 

of protoeatechuic acid in, 32, 

498, 548 

static to spread of infection, S99 
toxic substances in, 444, 445, 446 
metabolic, 4S6 

of pathogens, to chemotherapeutants, 

596 

Respiration, diseased plants. ~S5, 296, 
299— 301, 349-353, 5S5, 3o8, 384, 
378 , , , 

effect of 2,4 dmitrophenol on, infected 

plants, 364, 365 
of rust infections on, 293 


of hypersensitive plants, 379, 381 
pace makers in controllmg, 353, 354 
Pasteur effect, m infected plants, 365, 
366, 367 

rate of, effect of enzyme concentra- 
tion on, 354, 367 

uncoupling agents^ in infected plants, 
355, 556, 358, 359 

Respu-atory quotient, Erystpfie gramma 
mfected wheat, 285 
Rf value, sulfonamides, on cellulose, rc* 
latioQ to entry in plants, 579 
Rhixohium, gall induction by', 216 
on legumes, reduced infection follow- 
ing Blitzobxum, 542 
root nodules, 216 
Rhlzoctonui, damping-o5, 136, 321 
effect of calcium and magnesium nu- 
trition on, 533 

hypersensitiMty reaction to, 477 
pectic enzymes of, 167 
toot rot effect of, 168, 321 
I^izoctoma spp , production of necro- 
sis, 167 
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Rhizoctoma jilamentosa, requirement of 
hjlihal cushion for infection, 447 
RJiizoctomo hircini, defense reactions of 
hosts to 450 

Rhizoctoma lanngtno&a, localized resist 
ance of Lowglossum to, 505 
Rhizoctoma repcns, defense reactions of 
hosts to, 450 

localized resistance of LorogZossum to, 
505 

protection of orchids from, 500 
Rhizoctoma solam, cellulose degrada- 
tion by, 168 

cortical necrosis in cotton seedlings, 
167 

damping off, 167 

disintegration of tissue by, 180, 181 
effect of nutrient deficiency on 5S8 
of Trtchoderma unde on, 44 
on potato, effect on formation of 
aerial tubers, 266 
reaction of resistant hosts to, 477 
Wuzopus, on sweet potato, wounding 
predisposition, 535, 545 
senescence disease, 526 
nhlzopus mgrtcans, pectolytic enzymes 
of, action on sweet potatoes, 162 
Rhtzopus tritici, mcreased respiration of 
sweet potato by, 352 
pectic enzymes of, 152 
Rhizosphcre, effect of excretions on dis- 
ease, 441 

on microbial populations, 43 
Rhododendron ferrugineum, flower 

doubling, by gnat mfestation, 205, 
206 

Ribonuclcoproleins, of virus, 33 
Rico, baVanac disease, Fusortum moniZt 
/onne, 193 

CthbcrcUa fujikurol, 193 
role of Ribbcrdlms, 193 
bbght and leaf spot of, Pincuhtria 
oryzeae, louns, 157 
dwarf disease, spread by yeiihotettix 
aplcallt, 30 

fruit Infection by Tillctia harclayana 
207 

i^ram production, effect of baVanae 
disease on, 100 


Helmmthosporium orijzae, famme 
from, 49 

white stupe disease of, effect on 
yield, 48 

Rimocidme, seed treatment, 34 
Ring rot, on potato, fluorescence of le- 
sions, 39 

reactions of host to, 27 
Root, effect of disease, on absorption, 
325, 328 
on growth, 325 

excretion of metabobtes, 326, 327 
Root absorption, effect of pathogens on, 
303 

Root cells, permeability to water, 315 
Root excretions, effect on nematodes, 43 
Root growth, effect of gibberelUns on, 
326 

Root hair production, effect of Fusartum 
on, 326 

Root hairs, effect of root nodule bacteria 
on, 217 

growth effects of /J mdoleacetic acid 
on, 217 

Root in)ujy, effect on snmeial imbal- 
ance, 328 

on water economy, 326 
on wilt, 322 

Root knot, type of overgrowth, 219, 220 
Root nodules, 216, 217 
auxin relations, 219 
Root rot, effect on wilting, 321 
Root rot fungi, enzyme production of, 
168 

Root rots, 168 

Root sbmulating substance, production 
of by crown gall tumor cells, 202 
Root tissues, permeability, effect of dis 
ease on, 325, 327, 328 
Rootmg, increase m disease resistant 
varieties, 325 

Roots, adventitious, development m 
Kalanchoc, crown gall, 202 
formation m Ftisarium wilt disease, 
203 

response to diseases, 201, 202 
diseased, fluoniclric studies on, 328 
functional failure, club root, 220 
Rose, Botq/tU, therapy by pruning, 565 
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Roseltnta necatnx, cork reaction of mul 
berry to, 409 
Rot, origin of term, 145 

Rhizopus mgricans, m sweet potato, 
162 

white, lignin-decoinposmg fungi, 154, 


175 

Rots, brown, effect on cell walls. 175 
dry, type of disintegration, 164 
foot, 168 

potato tubers, effect of ionizing rad- 
iation on, 568 


root, 168 

soft, type of disintegration, 159 
Royal Society, of London, 66 
Rubber, American leaf blight of effect 
on rubber production, 47 
Rubbmg as predisposing factor, 547 
Rubus, effect of Kunkelta nitens infec 
tion on flowering, 205 
Rust, accumulation of radioelemenls m 
lesions, 292. 360. 361 
auxm levels m infected plants, ' 
brown, enzyme relaUons to host, 32 
croNvn, palatabihty of mfected rye 
grass to sheep, 50 
early ideas on, 64, 70, 71 
inhibition by sulfa drugs, 294 
mycological studies of, 78 
on asparagus, seriousness of. lOit 
on cereals, seriousness of, IW 
on coffee, effect on social habits. 47 

on7"‘'geneUcs’o{^^«-ns.t.ve re- 
action, 496, 
of pathogenicity, -5 
seriousness of, 109 

leaves, 362 ^ 

3 — 

471, 473, 47 habits, 9 

wheat, effect on dietary w 


Rust fungi, antagonism between, 502 
induction of witches’ broom symptom 
by, 203 

Rust infections, effect on amino acid 
metabobsm, 376, 377 
on chlorophyll content, 293 
on photosynthesis, 293, 295, 488 
on respiration, 295, 301, 361, 363 
370, 372, 373, 374 
Rusts, as high sugar diseases, 597 
attack of agmg tissue by, 272 
cereal, effect on food supply, 48 49 
cereals, host nutrition relations, 290. 
496 

therapy of, 494, 525, 593 
effect of COj on infecUons, 492 
geoeUc basis for resistance to, 85 
448 

heteroecism of fungi, 81 


t Anthony’s fire, 9, 10 
ergotism, 50 

WiTprSnce of gAbercIhn .n, ISO 
anitation os control moosoro, 78 
op, vtscostty of, effect on «oler flo». 

cobi^ctcmnbcr, therapy "b 003 
potolD, reocuons of hosts 

role of chlorogcnic ocJ m resist 

ewZ'otracl of scoff funiclcs and 

re3b»»«».tro. 

licrotpora grammicoy, effects on 
parts of i’er.nisrtom 
-fcrorponr seedwri. grossth cffttls 

.wf„^.Wsr,;., therapy of. 57. 

ro^prs^cSof-pi^Loranot..- 
tion, 532 

on ctrar, cold preJt.poi.lion, 
pcctic cnzjmcs m infcctiolt ' 
iVratinc spp. cnllcn^ and lectke 

penetration b>, ^9 
penetration of floral or^ani. 
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Sclcrotinia fructtcola, on bean, tempera- 
ture and b>’peTScnsilivdy, 491 
peach blossom mfeetion, elFect of 
rchtive humidity, 269 
phytoalexins in rehtiou to, 380, 452, 
502 

reaction of Impatiens bolsannnea to, 
478 

Sderotima fructtgena, app^e tissue de- 
cay, 162 

Sclewtinia laxa, apple tissue decay, 162 
floral invasion by, 270 
ScleroUma hbertiana, action on cell 
walls, 161 

ScIerotiniQ sclerotiorum, effect on per- 
meability of host cells, 283 
oxalic acid production by, 164 
physiology studies, 81, 87 
watery soft rot, pectic enzymes of, 
163, 163 

Sclerotium, on sugar beet, effect of 
nitrogen nutrition, 532, 545 
root rot effect of, 168 
Sclerotium rolfsii, disintegration by, 180, 
181 

enzyme production by, 163, 168 
oxalic acid production of, 164 
Scroll galls, leaves, 198 
Seed, aging of, effect on Septona on 
celery, 589 

effect of drought on, 357 
fungi on, 266, 267 
influence of pericarp diseases on, 250 
patVvogerss earned by, 265 
Seed coat infections, 267 
Seed germination, effect of gibberellins, 
268 

of light intensity, 260 261 
of temperature, 257, 261 
inhibition by ethylene, 251 
Seed scaling, barley, therapy of loose 
smut, 572 
Seed treatment, 33 
wheat bunt, 78, 82 

ScmpcrviLum hirtum, growth response 
to infection with SndophyUum 
sempcrtwl, 192, 193 
Senescence, ellect on disease, 538 
Sensitization, to disease, 506 
Stpals, effect of \irus infection on, 206 


SeptOTia, host reaction to, 170 

on celery, effect of agmg seed, 569 
vigor predisposition, 538 
SejHorta leaf spot, on wheat, standard 
for disease intensity, 124 
beptorta aescult, accumulation of ele- 
ments in lesions of, 489 
Septona passenni, hypersensitivity reac- 
tion of liordeum to, 477 
Seteh disease on sugar cane, epidemic, 
47 

Serology, viruses, 29 
Severe etch, deformation of Datura, 208 
Shadmg, effect on entry, 550 
Sheaths, composition of, 423 
Shoestring, leaf deformity, disease 
symptom, 199 

Shoots, adventitious, formation in dis- 
ease, 203 

Short day plants, 259 
Shot hole effect, 409, 565 
Shot hole symptoms, example of hyper- 
sensitivity reaction, 477 
Shrunken grain, ’ wheat, relation to 
climate, 262 

Sigatoka, banana, seventy of, 47 
Stlene, presence of gibberelhn in, 196 
Silicic acid, changes during hypersensi 
tivity reactions, 485 
effect on defense, 395, 396, 397 
Silicon, effect on disease, 533 
Sisymbrium, nature of hypertrophy, club 
root, 220 

Smog, effect of zincb on, 342 
Smog damage, 542 

Smudge on onion, role of protocatechuic 
acid in resistance, 590 
Smut, grains, meaning of term, 5 
Smut fungi, life cycles, description of, 
82, 83 

Smuts, cereal, therapy of, 572, 593 
genetic basis for resistance to, 448 
mycological studies of, 78 
overwintering of, 267 
Society, effect of plant disease on, 8 
Sodium benzothiazolyl 2-thioglycolate, 
chemolherapeutant, 582 
Sodmm dinitrocresylate, chemotherapy, 
571 
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Sodium fluoxjde, effect on 460 

on disease resistance, 32, 537 
Sodium ^'-methyldithiocarbamate, soil 
fungtcide, S4 
Soft rot, bacterial. SO 

on lettuce, effect of vacuum cool- 
wg on, 568 
wood, nature of, 175 
Soft rot bacteria, production of poetic 
enzyme, J 5 J 

Soft rots, disintegration in, 159 
Sod, decomposition of chcmollicrapeu- 
tants in, 577 

sterilized, development of iiathogcns 
in, 44 

Sod-borae pathogens, 43 

Sod chemistry and plant mitntion, 44 

Sod fumigants, 34 

Sod moisture, effect on disease, 525, 

539, 544 

Sod temperature, effect on plant dis- 
cases, 42 

Sorosporiuni Sccr/iartd, effect on 
ovaries, 263 

Sorosporium tcilianurn on com, effects 
on floral parts, 200 
Spectrophotometer, ultraviolet, use in 
plant pathology. 38 

Sfj/iacela/na, induction of cork oclb by, 
402 


Spraying, 36, 37 

Stammg properties, cells. chan,;ts dm- 
mg hypcrstiiMtivity rcactious, 
Stamens, electne palhogiiis, 270 
Starch, accumnlaiiofj m leaics 
leaf roll Mrus, 36i 
m infected zones, 293 
cliangcs duruig !i>j5crscnsitivu> ruc- 
tions, 4S5 
con3j>oncjjb of, 153 
cyclic inctaboltsfii of, iKifato Itaf roll 
\irus, 305 

effect of water deficit on 31') 

Starch breakdown, 155 
Starvation of host, 279 
Steam age, iffwls on phut palhofogi. 

SO 

Stcmphtjlnm, tffttt on tinbrjo in tran- 
siUonal infections, 2C6 
Stcmphjltiim iarcinailomtc, ditmiiJtinn 
of phinots and ijuinoiKS, 591, Vj2 
Sletn chani’i's »> Ka)) fonnaUun hy 
CttorinioicU nm 
215 

Stems, Jtscased. water fiow in 323 
growth changis m dwiav roitonu* 

192, 291 

plant, adininistmtiun of tlinuotlx'r t 
jscolanLs Id, SW). 551 
Stcfcuni, on plum, prrdivjiuvitwii) 527 


Sphaceloma kurozeu-ana on so)I>caii, 
suberized barricades to entry, 103 
Spliaerclla on flat, age siuccptibibty. 
520 


SpJiacrothcca, on peach, age susetpW* 
bdity to, 520 

prcdisxmsitiori by Tapfinna, 542 

S}X)ntancou$ generation, rc4«;ljtion of 
tlieory, 33 

Tlieophrastus, 03, 01 

Sporo formation, tarbohjdrate rciiunr- 
inint of. 300 

.Spores, fungous, nature of. 3^. 

Siiondation, dninuL 527 

uf turasJita. w» rcproJuttJsc organ*. 

... 

Sjwttesl wdt. o« kJucvv. bghi 
ixisition, 534 

uti tonuto. wtao- 

uLtrs, 3.0 


534 

Sfcrcurn purpurrwfif. giiiit lurrnud.* t«* 
(13 

on plum, effect on (cjiiiKraturc tukr* 
anev of lloHcr*. 

Stigiius, aihriilUKiU* bu«h In. 
by sini* mfi'stkJijs, 207 
rlecUse lutlwgrui. 270 
wfretion duotigli, Poatllur tu-V-*'*-* 
Cufcu/LJa 2vi 

St/gHutom>ca>c>, 2U7 
StuauU. dy-Uiaattui m utX 3ff 
on tUfrt.tr. -til. ^5. ^*1. 

*ri 

oq .x'(ra().<., 327 
factitt* affrvt».>w 3t0 
St-a)c fn.^:*. uJrttit:-.. Z-”'* 

irUls« r-» 
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Sireptomycci spp, antibiotics from, 33, 

34 

Streptomtjces scabies, lenticuhr invasion 
of potato, 398 

role of chlorogenic acul in resistince 
to, 445, 446 

Streptomjcin, effect on defense, 460 
on permeability, 338 
half life la tobacco, 588 
Stress in hydrodynamic system, 320 
Structure, and resistance, 392 
Structure-activity relations, cUemolhcra- 
peutants, 582 

Strumella conjncoidea, canker of oaks, 
cellulolytic nature of, 165 
Stunting, reversal of, by gibbcrellic 
acid, 196 

symptom, impaired nutrition, 277 
Styrax benzoin, fioral changes induced 
by Astegopteryx stryacophtla, 206 
Subeem, in defense, 398, 402, 416 
Suberization, effect of copper on, 543 
on penetration, 544 
Suction force, 316, 336 
Sugar, effect on disease, 522, 539, 541, 
544 

levels of, m plant, effect on disease 
resistance, 597 

Sugar beet, curly top, effect on translo- 
cation, 22 

Sugar beet industry, effect of disease on, 
109 

Sugar cane, galls induced by extracts 
from leaf hoppers, Draculacephala 
tnolltpes, 215 

Sugar cane industry, effect of diseases, 
109 

Sugar cane mosaic, epidemic, 47 
Sulfa drugs, antagonism of fungistatic 
action by PABA, 294 
inhibition of rust development, 294 
Sulfonamides, as chemotherapeutants, 
594 

effect on hypersensitivity reaction, 494 
entry m phnts, 579 

Sulfur, accumulation, cellular, in hyper- 
sensitivity reaction, 489 
in infected tissue, 292 
os fungicide for surface mildew, 79 
effect on disease, 533 


SiinOowcr, crown gill tissue, growth m 
culture medium, 226 
Surgery, 565 
Suscept, 8 

Susceptibility, age, 526 

aod chemical constitution, 22 
disease, relation to nutritional require- 
ments of pathogen, 496, 497 
hcat-induccd, 528 
moisturc-induccd, 530 
nature of, 436 
youth, 520 

Sweet potato, black rot, compounds in 
infected plants, 377» 378 
ipomcamaronc production by, 358 
nature of rottmg by RUizopus nigri- 
cans, 162 

Swelling factor, cellulose hydrolysis, 148 
Symbiosis, pathogens and insect vectors, 
30 

Symptomatology, 110 
Symptoms, classiBcabon by, 10 
Synchytnum, hypersensitivity reactions 
to, 475, 483 

Synchytrmm endobioticum, necrogenous 
defense against, 427 

T 

Tagetes erecta, root excretions, effect on 
nematodes, 43 
Tannin, m defense, 407 
Tannins, role in disease resistance, 590 
Taphnna, on peach, predisposition to 
Momlmia and Sphaerotheca, 542 
stimulation of witches’-brooms by, 

203 

susceptibility to, effect of age, 526 
Taphnna spp , infection on female 
flowers, Ulmus, 267 

Taphnna aim incanae, on alder, changes 
in floral parts, 206 
Taphnna aurea, stimulation of ovary 
growth, poplar, 208 
Taphnna cerasi, on Prunus, shothole re- 
action to, 411 

witches’ broom symptoms induced by, 

204 

Taphnna deformans, auxin production 
by, 199 
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change of leaf shape by, 336 
peach leaf curl, 198 
Taphrma prum, hypertrophied fruits, 
Prunus, 20S 

Taxonomy, contributions to Plant Path- 
ology, 26 

development of, 67 

Technology, relation to plant pathology, 
36 

Temperature, and reproduction, 257 
effect on defense, 395 
on drsease, 41 
on flower parts, 257, 258 
on hypersensitivity reaction, 490 
on pollen viability, 257 
on predisposition, 528 
on seed germination, 257 
on symptoms, turrup virus J, 41 
Temperature range, effect on fnut, 257 
Tension of water, 319 
Teratoma-derived cells, histology of 
growths m culture medium, 226 
«-Terthienyl, nematocidal effect of, 43 
Tetrachloronitrobenzene, resistance of 
fungi to, 36 

Tetramethyl thiruam disulfide, seed pro- 
tectant, 54 

Texas root rot, disease surveys for, 130 
Texas root rot fungus, effect on land use 
and value, 106 

Thallium toxicity, symptoms in tobacco, 
200 

Theophrastus, contributions to Botany, 

62, 63 

Therapy, by prunmg, 565 
heat, 566 
nature of, 564 
nutrient deficiencies, 573 
pathogen host relations, 584 
physical, 565 
radiation, 566, 567 
root Imot, tomato, 565 
Tlieratromyxa iieberi, predator of nema- 
todes, 43 

Thtelcvia basicola on tobacco, cork lor- 
matioo, 408 r ». 

Thtehvtopsis, on citrus, effwt of phos- 
phorus nutrition on, 53-, 

II ion predisposition, 53-1 
Thiourea, effect on defense. I6Q 


on disease resistance, 32, 537 
production by VerftctUium, 591 
Thira/n, 34, 36 

Thomnstniana on raspheny, predisposi- 
tion to nonrelated pathogens, 542 
TiUetia, on wheat, predisposition, prior 
infection, 542 

Tdletui harclayana, infection of nee 
frmt, 267 

spoiulation in ovaries by, 271 
Tillcttc huchheana, effect on ovaries, 
268 

Tilletui cartes, control with hcxachloro- 
benzene, 35 

relation to reproduction of host, 271 
TtUetta foeitda, relation to reproduction 
of host, 271 

TtUetta tndtea, "partial bunt, ’ wheal, 

267 

sporulation m ovines by, 271 
Tilletta trtUci on wheat deformation of 
bead by, 208 

environmental predisposition 534 
on rye, effect of vernalization, 529 
Timber decay magnitude of loss from, 
144 

Tissue decay, influence of temperature, 
light intensity, 261 

Tissue disintegration, 145, 159, 178, 1*9 
cfassiflcation of diseases causing 179 
need for future research on, 181 
Tissues, physiology of, relation to hy- 
persensitivity, 482 

Tobacco, blacfcfire, effect of intcrccllu 
lar humidity on, 568 
frcnching, 199, 200 
Pseudomonas tabaef infection, effect 
on chlorophyll, 293 
s}7nptoms of thallium toxiaty in, 200 
wildfire, toxins of, 32, 204 
Tobacco etch, effect on respiration, 353 
Tobacco leaf curl, change of leaf shape, 

330 

Tobacco mosaic, cryslallmc form. 23 
effect on respiration of host, 353 
experimental transmission, 69 
hypersensitive reaction to, i78, *79 
481, 490 

local lesions, 103, 403 
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magnitude of iiifestation, 119, 120 
on bean, effect of host turgor on sus 
ceptibihty, 541 
susceptibility and age, 526 
on Ntcotiana glutinosa, effect of rub- 
bing leaves, 535 

temperature and bypeisensilivily, 

491 

on tobacco, effect on nucleoproleins, 
290, 291 

reduction of aucuba mosaic virus, 
542 

predisposition to, 536, 537, 538, 542 
production of abnormal growth 201 
susceptibility and soil moisture, 530 
Tobacco necrosis, on bean, effect of host 
turgor on susceptibility, 541 
on beans and tobacco, light predis 
position, 531 

Tobacco rattle, hypersensitivity reaction 
to, 479 

Tobacco ring spot, on cowpea, relation 
of sucrose to lesions, 540 
ToUrasvee, disease, deRmtien, bypessen- 
sitivity, 472 

Tohjposportum pentcillariac, on flower 
pnmordia of Pennisetum, 267 
Tomatin, as a defense device, 445 
Tomato, action of lycomarasmin on iron 
m stems, 291 

blossom end rot, effect of potassium 
excess, 254 

crown gall, radiation therapy, 567 
cpmasl>, produced by crowai gall 
bacterium, 197 
f-usnntiiii chemotherapy, 578 
Pscutlomonas solciiaciarum infection, 
histology of adventitious root 
fonnition, 202 
root knot, therapy, 505 
"wiry" mutation, similarity lu virus 
diseases, 201 

loiinto mthriaiosc, post harvest loss 
from, IIS 

ToiiiUo big bud effect on flowering, 

190 

on sepals, solan iccous plants, 200 
roinito euttings, 'lelioii of I)comirisinin 
on iron, leaves, 291 


Tomato defoliation, correlation of dis 
ease expressions, 124 
Tomato early blight, systemic fungicides, 

593, 594 

Tomato wilt, Fusanum oxysporuin f /{/ 
copersid, effect on vascular tis- 
sue, 173 

production of ethylene, 197 
Tomatoes, fruit production, effect of p- 
chlorophenoxyacetic acid, 263 
mduction of parthenocarpy by gib- 
berellms, 196 
Toxin, cyanide as, 441 

production by Colletotnchum sp , to- 
bacco anthracnose, 167 
by Endothia parasitica, 165 
by Helmmthosportum sativum, 
wheat seedling blight, 169 
by Helminthosporium victoriae, 157 
Wildfire, 5S9 

Pseudomonas tabaci, mode of ac 
tion, 157 

wilt, fusanc acid, 156, 356 
lycomarasmin, 156, 357 
Toxuis, absorption by diseased roots, 

328 

action on protoplasm 157, 178 
as antimctabohtes, 32, 294 
chelating action of, 201 
disease resistance due to, 444, 445, 
446 

effect on leakage of cell contents, 338 
on perme ibility, 156^ 283» 284 
on plants, 101, 191, 282, 570 
on respiration, 300, 355, 356, 357 
on wilting, 303 
from hosts, 438 

inactivation of, by chcmolhci ipy, 
588, 589 

in pathogenesis, 32 
inctaboLc formation of, m defense, 
450, 457 
nature of, 182 

parasite, effect on host metabolism 
281, 283 

production by damping off fungi, 168 
PuccliiMi graminw (ntid, aUcralion of 
nitrogen metabolism, wheat, 295 
relation to wilt, 323 
role in abolition of Pasteur effect, SCO 
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willing, reaction to, ilislinguislicd 
from hypersensitivity rcacUon, 

m 

Traco clcmuits, discise symptoms from 
lack of, 21 
Trachatomy coses, 303 
Tracing, bark, SCO , , , i i 

Tragus, Hicroii>mus (or Bod.), licrbal- 

Tra.iscmnamic acid, crertUon, US 
Translocation, effect of 

in clicniotlietapy, 58^, 580, 580^^ 
Translocation in diseased plants, — 

Transpiration, 315, 310 
diurnal, 335 

dysfunction of leaf and stomata 335 
effect of leaf liyperpUsiae on, 330 

i„ltcd^:nts!=ld cellular per- 

Transpna“on'«te:' (feet of disease on, 
290, 324 . , , , 

Transport, nutrients, blodang , 

Trniiaacfiefin imm' 

plum, response to oifecUon, 411 

2,4,6-Tricliloroplicnosyacctic aci , 

on disease resistance, 531 
T„clwdermc, anubiotics produced by, 

efftet of Bax root excretions on,^441 
ghotoxm formation by, > 
Trlhoderma v.nde. cellulose decompos. 

tion by, 148 

Cx enzyme from, ^ 35 

effect of soil treatment on 35 
on nJ,.zactoma 

Tuchothectum roseum, 

a f of zinc deficiency on 
Tryptophan, effect o 

production. 255 44 

Tulips, fungitoxic ro onnal cells 

Tumor cells, alteralm” of 

to, 229, 231, 232 lation to 

crown gall, fo™^" 

woundmg, 223 ^27 

regenerative capaeny ^33 

Tumor inducing pnnO'P^^^^ ^ond. 

Tumor u 226 

tions determining, 


Tumor tissue, Ntcotiaua hybrids, differ- 
entiation m culture, 239 
Tumors, crown gall, malignant nature 
of, 222 

genetic, 236, 237, 238 

chemical factors affectmg, 239 
relabons involved, 223 
mture of cellular changes induced by, 

«40 

non self limiting 221, 222, 223, 224 
plants, growth patterns of 223 
secondary, in crown gall, 22S 
Tmf Cmvubra effect of moisture 569 
Turgor, cellular, clianges durmg hyper 
sensibvity reactions, 484 
effect on disease, 541 

Tylosis, effect on water flow, 332, 4i2 
jn defense, 411 

U 

Wnina. mfedon of female flowers by 
Taphrma spp 23' 

Ultrasound, m seed tT'Otment, 39 
^m detecting f wr 

Ultraviolet radiabon e ec 
sensitivity reaction, 494 

UiSnX'grde. predispnsiUon to Bo,r, 

„s8^fori9rcen.ury, effect on 

agriculture, 80 

JJr^rsTsceTity to. 526, 

0„“ effect of high ™gar leseb 
on, 540 . '542 

predisposiuon ™ sccumulauo" 

Uromsces of 4S9 

of elements, in dons o 
on bean, accumulation ot 

ments, 292 
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effect on respiration, 299 
environmental requirements, 306, 


307 


Uromyces phaseoh, nge of tissue and 
hypersensitivity to, 490 
bean susceptibility, effect of water- 
soaking, 530 

Uromyces pisi, growth responses m 
Euphorbia cyparissias, 192 
Uromyces primuhe integrifoleae, growth 
effects on Primula, 192, 193 
Uromyces striatus, on lucem, effect on 
composition of host, 290 
Uromyces trifoln, specificity of phyto- 
alexins for, 502 

Ustilaginoidea virens, relation to stamens 
and pollen grams, 270 
Ustilago, embryo infections, 267 
Ustilago avenae, pericarp and husk m 
fection by, 267 

Ustilago durxaeana, attack of seed fun- 
icles and placentae by, 270 
Ustilago hypodytes, growth effects on 
Bromus erectus, 192 
Ustilago hollert, hypersensitivity reac- 
tions to, 476 

Ustilago maydis, relation to infiores 
cences, 271 

Ustilago nuda, on barley, therapy by 
seed soaking, 572 

on wheat and rye, effect of vernaliza- 
tion, 529 

Usliiogo „uda f sp (rrtic, relation to 
inflorescences, 271 

Ustihgo oxahdis,’ effect on host seeds. 


Ustilago scabiosae stimulation of pn 
late flowers of KauUa, 207, 208 
Ustilago tritici, cause of loose smut, . 
hypersensitivity reacbons to, 476 
penetrabon of ovary, 263 
relation to invasion by Claviceps, 
relabon to reproduction of host 2 
to seed bssues, 270 ’ 

Usti^go vwheca effect on pistillate 
tlowers, Afclandriiim, 207 
invasion of flowers, buds and st 
by. 268, 270 

sccdlins and shoot infection by 2 
unfmitfulncss tesnUmg from. 268 


Ustilago zeac, cellulose cushion enclos- 
ing hyphae, 423, 424 
production of auxin, 208 
sbmulation of pistillate flowers, maize, 
208 


V 

Vaccines, effect on disease resistance, 
505 

Vacuum cooling, lettuce, effect on bac- 
terial soft rot, 568 
Valenanclla carmata, double flowers 
produced by mite infestation, 205 
Valsa japomca, on cherry, gum deposits 
m response to, 413 
or peach, cork formation, 407 
Valsa mall, on apple, cork formation, 
407 

“Vegetable Staticks,” Stephen Halts, 67 
Vemclearing, 322 
m wilt disease, 337 

Venturia, on apple and pear, defolia- 
tion, 279 

tissue age and infection by, 22 
Ventuno inaequalis, deesterification by, 
595 

disease warning service, 43 
genetics of pathogenicity, 25, 482 
growth factors in relation to patho- 
genicity, 446 

hypersensitive reaction to, 471, 476 
on apple, therapy of, 571 
on young apple leaves, 22 
Venturia pyrtna, accumulation of ele- 
ments in lesions of, 489 
Vernalization, effect on disease, 529 
Verficiffium, effect of high nitrogen nu- 
bition of host on, 532 
of host defoliabon on, 536 
production of thiourea by, 591 
on maple, effect of moisture and oxy- 
gen in stem, 568 

VcrticiHium alhoatrum, produebon of 
cellulaso by, 173 

Verticillium wilt, interference of water 
transport m, 303, 328 
on tomato, role of thiourea in, 591 
on potato, therapy of, 586 
reaction of hosts to, 27 
tissue breakdown m, 173 
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Vessels, blockage of, by organisms, 329 
Victorin, Helmmthosporium toxm, effect 
on respiration, 350 
Vigor predisposition, 537 
Virology, relation to plant pathology, 
28, 89 

Virulence, definition, hypersensitivity, 
472 

nature of, 436 
Virus, entrj info cells, 547 
filterable nature of, 89 
fixation to cells, 29 
flower distortion, chrysanthemum, 
heat therapy of, 566 
in Crotolnria floral changes ui, 207 
inactivation of, m local lesions, 478 
masking of, 550 
multiplication m msects, 31 
nucleoproteia nature of, 29, 33 
para crystalline form of, 28 
Virus A, potato reactions to, 27 
Virus B, reactions of potatoes to, 27 
Vims M, on potato, antisera, 29 
Vims S, on potato, antisera, 29 
Virus X, disease of peach, therapy, 594 
Vmis Y, reaction of potatoes to, 27 
reduced infection following Phyto 
phthora, 542 

Vims diseases, see under individual 
vuiises 

Virus infection, antholysis associated 
with, 207 

effect on sepals, 206 
Virus penetration, 547 
Virus protein, m tobacco mosaic infected 
tissues, 290 

Vimses, chemical constituents of, 33 
chemotherapy of, 594 
hypersensitive reaction to, 471, 478 
latent, 550 

leaf hopper transmitted, plant tissue 
involved m wound tumors, 235 
nonpersistent, 31 
and predisposition, 547 
production of tumors by, 223 
serology, 29, 30 
starving action of, 290 
stimulation of witches’ brooms b>. 

203, 205 

susceptibility to. 523, 531, 532 


and wounding, 547 

Viscosity, protoplasm, effect of water de- 
ficit on, 318 

sap, effect on water flow, 332 
Viscum album, sensitization of Pyrus 
communis to, 506 
Vivotoxm, theory of, 323 
Vivotoxins, 304 
fusanc acid 589 

inactivation of, by chemotherapy, 

588, 589 

wildfire toxin, 589 
W 

Wall pressure, 314 
Water, and reproduction 255 
atmospheric, effect on abscission 250 
on flowermg, 256 
free energy of, 314 
necessity hr Bower development, fruit 
crops, 256 

Water absorption, energy for, 320 
Water balance, healthy plants, 315, 316, 
317 

Water conduction, cohesion theory of, 
333 

Water deficit, 315, 317 
dieback caused by, 322 
effect on growth, 317 
on permeability, 318 
on photosynthesis. 318 
on seeds, after ripening, 257 
on starch, 319 

on viscosity, protoplasm, 318 
mechanisms of, 341 
Wafer economy, effect of root injury on, 

326 

lemon, relation to internal decline, 

569 

Water flow, in diseased stems, 328 
effect of broivnmg in vascular Sfilcin 
on, 331 

of enzymes on, 329 
of gas emboli on, 333 
of hyperplasia on, 331 
of occlusions on, 331 
of polysacchandcs in, 331 
of tyloses on, 332, 112 
of viscosity of sap on 332 
fhconcs of, in divcive, 333, 314, 
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Water imbalance, in diseased plants, 

324 

Water intake, effect of adenosine In- 
pliosphate on, 820 
of respiratory inlubitors on, 321 
Water loss, effect of necrosis on, 337 
of permeability of leaves on, 338 
of suction force on, 336 
Wafer movement, effect of gum nialc- 
nals on, 331, 412 

Vt^ater relations, cellular, changes during 
hypersensitivity reactions, 484 
Water soakmg, effect on disease, 530 
on entry, 550 

Water supply, effect on hypersensitivity 
reaction, 490 

Water uptake, effect of defoliation on, 
330 

Weather, effect on disease exiiression, 
42 

Wheat, alteration of nitrogen mclab* 
olisni by toxins, Pucctnia grammts 
trttm, 295 

effect of light intensity on Puccmia 
triticma development, 307 
Erystphe infection, photosynthesis of, 
293, 307 

Erysjphe grammw infection, carbohy- 
drate metabolism, 285 
carbon balance, 286 
infected, carbohydrate economy, 287 
partial bunt,” TiUetia tndica, 267 
Puccinia gTaminis infection, respira- 
tory changes, 486 487 
resistance to brown rust, role of as- 
corbic acid Oxidase, 32 
root rot diseases, infection index, 122 
Septorta leaf spot, standard for dis- 
ease mtensity, 124 

‘shrunken grain,” relation to climate, 
262 

starvation of tissues by Pucemta 
gramtnis infection, 278 
stem rust, enzyme activity, 32 
slnpe rust of, inheritance of resistance 
to, 85 

yeJJmv rust, inheritance of resistance 
to, 24 

Wheat bunt, early studies, 69, 73 
fungicidal control, 78, 82 


penetration into seedlings, 82 
\VHcit leaf rust, crop reduction by, 117 
Wheat rust, cyclohcximide as iherapcu- 
taiit, 593 

effect of climate on, 9 
on host amino acids, ^91 
on human diet, 8, 9 
on plant composition, 290 
Wheat yield, dependence on photosyii- 
thests. 111 

Whiptail, crucifers, molybdenum rela- 
tions of, 574 

White rot fungi, effect on cell walls, 175 
on tensile strnegth of cotton, 177 
lignm-decomposmg, 154 
wood constituents utilized, 175 
Wildfire, tobacco, effect on chlorophyll, 
293 

Wildfire toxin, antagonism of methio- 
nine, 157 

Pseudomonas iahoct, mode of action, 
157 

Wilt, bacterial, alfalfa, seriousness of, 
109 

banana, seriousness of, 109 
dysfunction of cuticle and stomata in, 
341 

effect of gibberellic acid on, 321, 522 
of root injury on, 322 
on exudations from leaves, 322 
flax, excretions of, effect on defense, 
441, 442 

seriousness of, 109 
genetic basis for resistance to, 448 
Granville, tobacco, seriousness of, 109 
relation of toxins to, 323 
VcrttciKmm, role of thiourea in viru 
lence, 591 

Wilt diseases, bacterial, plugging of 
xylem m, 304 * 

effect of enzymes, 304, 323, 330 
on TOnductivity, 340 
on land use and value, 106 
on permeabihty, root cells, 327, 328 
on translocation of nutrients, 303 
ionic imbalance in, 340 
nastic responses in hosts, 196, 197 
pathogenesis m, 171 
toxins of, 31 
vascular. 322, 323, 324 
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veinclearing m, 337 

Wilting, curcurbits, effect of zoogloeao 
of Erwtnia irachetphtla, 304 
effect of fusanc acid on, 321, 324 
of root rot on, 321 
of toxins 303 
on disease, 541 
on penetration, 531 
incipient, definition of, 319 
mechanisnls of, 341 
of leaves, 317 
pathological, 22, 321 
permanent, 320 

permeability of leaf cells in, 335 
physiological, 319, 320, 321 
Wmd, effect on spore dispersal, 42 
Witchhazel. cone gall produced by 
Hormaphts hamamelis, cytology. 


Witches’-broom, silver fir, MclampsorcUa 
coryophyllacearum, 204 
Witches’ brooms. 23, 203 
abnormal physiology of, 204 
viruS'induced, 203 205 
Witches’*broom virus, on potato, adven- 
titious bud formation 203 
Wood decay, effect on cell %vall stnic 


ture, 174 

Wood decay fungi, enzyme formation 
of, early work on, 177 
Wound substances m defense, 453 454 
Wound tumor, 223, 234, 235 
leaf hopper vector, 235 
nutritional requirements, 2W 
Wound tumor tissue, phosphorus re- 
quirement in culture, 23& 

Wound tumors, growth capac.ty of, -3® 
Wounding, and viruses, 54 
effect on defense, 393 

orr genetic tumor developmenl W7 
c call tumor 

role m formation ot crown 

Pflls 228 I 

m mitlaUon of wound tumor dts- 
ease, 235 

Woundmg predispositiim. 

Wounds, phenols m, 4a4 


Xantliomonas campestns, pectic enzymes 
produced by, 160, 172 
XantJiomonas malvacearum, hypersensi- 
tive reaction m hosts of, 479 
on cotton, destructiveness of, 47 
Xantlipmonas phaseoh, resistmce to nn- 
tibiolics, 596 

Xantfwmonas pruni, on peach, shot hole 
reaction to, 409, 410 
Xantiwmonas vascuhrum, pectic en- 
zymes from, 160 

Xanthomonas vestcatoria resistance to 
antibiotics, 596 
X rays, effect on disease, 531 

on Fusartum and tomato, 567 
on hypersensitivity reaction, 494, 

495 

induction of fasciation, 210 
use m producing mutants, 39 
m virus studies, 39 
Xylan, hemicellulose component, 155 
Xylem, decay of, m oak canker, 1®® 
deposition in, m chestnut blight, Iw 
effect of Fusanum oxysportm t ly 
copcrstci on, 303 

histology of parasitism, Ncctria galli 
gena, 165 

movement of chemothcnpculants in 

585 

Xylem tissue, decay of, 171 
Xylem vessels clogging of. 3-0 
Xyloporosis disease, oranges, change 
fruit shape 208 


ut. pcctic enzyme of 152 
llowing, 322 

Id, crop in relation to disenst. iw 
113 290 

Iccrc^e of, from impaired nutrition. 

277 278 

formal, of crops. apprai^I. 10-3 
khcat, dependence of photosynthesis. 
Ill 
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X 

Xanthomonas, starch as 

159 


cirboii source. 


Zca nwys, hypcrscnMtiv.t_^ reactH«i to 

JUUntiithosffortum, li < 
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Zinc m luxm synthesis 263 
effect on disease 533 
role in plants 574 

Zinc deficiency effect on blossom and 
fivut drop 255 


on production of tryptophan 255 
Zincb effect on smog 542 
Zostera manna on eolgrass wasting dis 
case 102 



